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Abstract 
For decades, zebrafish (Danio rerio) have been widely used as model in 
toxicological and developmental research, its well documented biological and genetic 
study makes it an ideal model to evaluate the potential biological impacts due to 
heavy metal toxicity at molecular level In this study, using zebrafish as platform, the 
molecular link between metallothionein (MT) gene regulation and metal toxicity 
would be elucidated. MT is a family of highly conserved cysteine-rich metal binding 
proteins, w hich a re h ighly c onserved i n v ertebrates. M T gene t ranscription 1 evel i s 
inducible by various heavy metal ions, and thus, its quantification has been proposed 
as bioindicators to access aquatic heavy metal pollutions. 
Metal-inducible transcription of zMT gene was investigated both in vivo and 
in vitro using the newly developed real-time quantitative PCR. C d � . and Hg2+ were 
found to be potent inducers of zMT in zebrafish embryo-larvae, their dramatic 
stage-specific resistance to Cd^^ at early developmental stages might due to their 
stage-specific induction in MT transcription for detoxification mechanisms. 
A 835bp zMT-II gene promoter with 4 putative metal responsive elements was 
isolated and characterized for their importance in metal-mediated MT induction, with 
deletion analysis in transient transfected zebrafish cell lines, SJD.l and ZFL. Attempts 
have been made in producing a stable transgenic zebrafish line and stable recombinant 
i 
cell models, for non-destructive metal toxicity analysis. Recombinant DNA 
constructs with green fluorescent protein (GFP) under the regulation of zMT-II 
promoter was produced and successfully transferred into zebrafish embryos via 
electroporation. In vivo and in vitro results from both zMT mRNA quantification and 
promoter study demonstrated the metal responsiveness of zMT transcriptional 
regulation. 
The long-term goal of this study is to produce a transgenic fish line to study zMT 
gene regulation, and use as a non-destructive bioindicator at subcellular level for use 


























I would like to give my sincere gratitude to my supervisor Professor. K.M. Chan, 
for his critical training, guidance and support throughout my M. Phil study. 
Besides, I am grateful for Prof. H.K. Cheng for his kindness in sharing his 
laboratory facilities for my research work. Also, I would like to give my deepest thank 
to Ms. Brenda Li and Ms. Seven Cheuk for encouragement in my challenging, though 
sometimes frustrating, fish experiment. Also, I want to thank Ms. Margaret Tse for her 
invaluable advices in my cell culture experiment. Allow me to express my gratitude to 
Ms. Irene Lau and Ms. Rose Ong for their cares and sharing during my campus life. 
Eventually, I would like to thank to my family for their understanding and 
unlimited support during my study. 
vii 




Table of Contents vi 
List of Tables ix 
List of Figures x 
Abbreviations xv 
CHAPTER 1 Literature review 1 
1.1 Aquatic heavy metal contaminations 1 
1.1.1 Biology of heavy metals 1 
1.1.2 Mechanism of heavy metal toxicity 2 
1.2 Environmental monitoring of aquatic heavy metal contaminations 4 
1.2.1 Bioconcentration effects of heavy metals 4 
1.2.2. The concept of bioindicator in pollution assessment 5 
1.3 Metallothioneins 7 
1.3.1 Biological functions of MT and its metal inducibility 7 
1.4 Zebrafish (Daino reio) as an animal model 11 
1.4.1 Biology of zebrafish 11 
1.4.2 Current applications of transgenic zebrafish 12 
1.5 The use of cell culture systems in toxicology research 13 
1.6 Project aims 16 
CHAPTER 2 Quantification of zMT mRNA levels using 
real-time PGR 17 
2.1 Introduction 17 
2.1.1 The use of zebrafish embryos in toxicity assessment 17 
2.1.2 MT mRNA as a bioindicator of metal exposure 18 
2.1.3 Quantification of gene transcripts by RT-PCR 19 
2.1.4 Specific aims of this chapter 27 
2.2 Materials and methods 28 
2.2.1 Animal 28 
2.2.2 Cell culture 31 
2.2.3 General molecular biology techniques 33 
2.2.4 mRNA quantification by Real-time PGR 35 
2.3 Results 42 
2.3.1 Heavy metal toxicity 42 
2.3.1.1 In vivo metal toxicity in zebrafish adult 43 
2.3.1.2 In vivo metal toxicity in zebrafish embryos at late epiboly 44 
2.3.1.3 In vivo metal toxicity in zebrafish eleutheroembryo 46 
2.3.1.4 In vitro metal toxicity on ZFL cell line 48 
vi 
Ivi； h:i::i、 .-:‘.d:. ；;-：•• i： ：；'^ •；; ；!;：： ；：•?； ；;i. 
2.3.2 Optimization of real-time PGR conditions 50 
2.3.2.1 Construction of relative standard curve 50 
2.3.2.2 Optimization of primer concentration 52 
2.3.2.3 Melting curve analysis for PCR specificity 53 
2.2.3 Quantification o f zMrmRNA by Real-time PCR 54 
2.2.3.1 Relative zMTmRNA induction in zebrafish embryos at late 54 
epiboly 
2.2.3.2 Relative zMTmRNA induction in zebrafish eleutherombryos 57 
2.2.3.3 Relative zMrmRNA induction in SJD.l cell line 58 
2.2.2.4 In vitro zMrmRNA induction in ZFL cell line 62 
2.4 Discussions 64 
2.4.1 Change in metal sensitivity during zebrafish embryo development 64 
2.4.2 Developmental stage-specfic inducibility of zMT gene expression 65 
and metal toxicity 
2.4.3 In vitro zMT regulation by heavy metal ions 67 
2.4.4 The potential use of zMT expression as exposure biomarker 69 
CHAPTER 3 Functional analysis of a cloned zMT-II gene 71 
promoter in zebrafish cell-lines: SJD.l and ZFL 
3.1 Zebrafish MT gene promoter 71 
3.1.1 The structure of zMTpromoter 71 
3.1.2 Functional analysis of cloned zMT-II promoter region in HepG2 72 
cells 
3.1.3 Specific aims of this chapter 77 
3.2 Materials and methods 78 
3.2.1 General molecular biology techniques 78 
3.2.2 Cell culture 79 
3.2.3 Transient transfection assay 81 
3.3 Results 84 
3.3.1 Metal responsiveness of zMT-II promoter by transient transfection 84 
3.3.2 Deletion analysis 88 
3.3.2.1 Deletion analysis of zMT-II gene promoter in SJD. 1 cell line 88 
3.3.2.2 Deletion analysis of zMT-II gene promoter in ZFL cell line 90 
3.4 Discussions 91 
3.4.1 Structure of zMT-II gene promoter 91 
3.4.2 Metal responsiveness of zMT-//promoter 94 
3.4.3 Deletion analysis of zMT-//gene promoter 95 
CHAPTER 4 Transgenic zebrafish model for in vivo zMT gene 97 
regulation study 
4.1 Introduction 97 
4.1.1 Development of transgenic fish 97 
4.1.2 The principle of gene delivery 98 
4.1.3 The application of transgenic zebrafish model 99 
4.1.4 Specific aim of this chapter 101 
vii 
r：：.'； h'k:�：： if《:•：；'•；；. s'H'P 着、:•； 
4.2 Materials and methods 102 
4.2.1 General molecular biology techniques 102 
4.2.2 Sequence of primers used 103 
4.2.3 Engineering of constructs for transgenic zebrafish study 103 
4.2.4 In vitro efficacy test of the GFP constructs 105 
4.2.5 Gene transfer into zebrafish embryos by electroporation 107 
4.2.6 Screening of transgenic candidates 108 
4.3 Results 110 
4.3.1 Engineering of DNA constructs for transgenic zebrafish production 110 
4.3.2 In vitro efficacy test of the DNA constructs 111 
4.3.3 Optimization of electroporation voltage 117 
4.4.4 Screening of transgenic candidates 118 
4.4 Discussion 120 
4.4.1 Potential application of the zMT promoter transgenic mode 120 
4.4.2 The use of GFP transgenic zebrafish model in developmental gene 121 
regulation study 
4.4.3 In vitro efficacy of the GFP constructs 122 
4.4.4 Transgene expression in zebrafish 122 
CHAPTER 5 General discussion 126 
REFERENCES 134 
viii 
List of tables 
Table 2-1 Sequence of PGR primers for the detection of zMT and 36 
P-actin in zebrafish by real-time PGR 
Table 2-2 Summary of the metal toxicity in differemt stages of 47 
zebrafish. The LC50 values were calculated with the survival 
equation contained in GrandPad Prism® statistics analysis 
software. 
Table 2-3 The metal toxicity (in decending order) of various metals 47 
in zebrafish embryos at late epiboly (0 hpf), eleutheroembryos (96 
hpf) and adults. 
Table 2-4 The 24h-LC50 values of various metal ions on SJD.l, ZFL 49 
and HepG2 cell lines 
Table 2-5 The metal toxicities (in decending order) of various metals 49 
in SJD. 1 and ZFL cell lines 
Table 3-1 The LC50 values of different treatments on SJD.l and 82 
ZFL cell line for 24 h. 
Table 3-2 Fold induction of zMT-II promoter in zMT-L\xc transfected 89 
SJD.l cells to 26.8 |iM Cd�.，14.8 |iM Hg2+, 271.4 |iM Zn^^ relative 
to no metal control. Fold induction was calculated by the relative 
luciferase activity of each deletion mutant exposed to different 
metal ions, divided by no metal control. 
Table 3-3 Fold induction o f z M T promoter i n zM J -Luc transfected 91 
SJD.l cells to 105.5 [lM Cd '^^ and 257.9|iM Zn^^'relative to no metal 
control. Fold induction was calculated by the relative luciferase 
activity of each deletion mutant exposed to different metal ions, 
divided by no metal control. 
Table 4-1 PCR primers used in transgenic zebrafish study. 103 
ix 
List of figures 
Figure 1-1 Alignment of fish MT amino acid sequences. 8 
Figure 1-2 Schematic representation of the zinc thiolate clusters in 9 
MT. 
Figure 1-3 Zebrafish (Danio rerio) 11 
Figure 2-1 The schematic diagram illustrating the principle of 22 
TaqMan real-time PGR. 
Figure 2-2 Schematic drawings illustrating the principle of SYBR 25 
Green I dye in detecting the amount of dsDNA during real-time 
PGR amplification. 
Figure 2-3 The schematic diagram showing the binding of 26 
spanning-exons primers onto the cDNA and its corresponding 
genomic DNA template. 
Figure 2-4 The amplification plot of the four calibrator cDNA, A, B, 40 
C and D using zMT primer, showing their corresponding 
threshold cycles, Q were plotted against the fluorescence change 
(ARn.) 
Figure 2-5 Relative standard curve of zMT was constructed with 41 
serial dilutions of zebrafish embryo cDNA sample as templates. 
Figure 2-6 Toxicity curves showing the 24h- and 96 h-LC50 values 43 
of Cd2+，Cu2+ and Zr^^ ions of zebrafish adults. 
Figure 2-7 Toxicity curves showing the 24h- and 96h-LC50 values of 44 
Cd2+ ,Cu2+ and Pb^ "^  of zebrafish embryos at late epiboly (8 hpf). 
Figure 2-8 Toxicity curves showing the 24h- and 96h-LC50 values of 45 
Hg2+, Zn2+ and H2O2 of zebrafish embryos at late epiboly (8 hpf) 
Figure 2-9 Toxicity curves showing the 24h- and 96h-LC50 values of 48 
various metal ions of zebrafish eleutheroembryo (96 hpf). 
Figure 2-10 Cytotoxicity curves for Cd^^, Co�—，Cu�.，Pb^ ,^ Hg2+, Ni^ "", 68 
Zn2+ and H2O2 on ZFL cell line in 24 h treatment. 
Figure 2-11 Relative standard curves of zMT and ^-actin gene. 51 
xii 
Figure 2-12 PCRs contained 50, 100, 250 and 500 nM primers were 52 
carried out using 5[i\ cDNA with zMT and P-actin. 
Figure 2-13 Dissociation curves of real-time PGR amplified zMT, 53 
P-actin and No Template Control (NTC). 
Figure 2-14 Real-time PGR results showing the zMT mRNA fold 54 
induction in zebrafish embryos at late epiboly (8 hpf) after 24 
h-exposure to different metal ions at 25%, 50%, 75% and 100% 
of their corresponding 24h-LC50 value. 
Figure 2-15 Real-time PGR results showing the relative zMT mRNA 55 
fold induction in zebrafish embryos at late epiboly (8 hpf) after 
24 h-exposure to Cd^ "", Cu2+，Hg2+, Zn^ "" and HsOsat 25%, 50%, 
75% and 100% of their corresponding 24h-LC50 values. 
Figure 2-16 Real-time PGR results showing relative zMT mRNA fold 57 
induction in zebrafish eleutheroembyro (96 hpf) after 24 
h-exposure to Cd^^, Cu^ '^and Zn^^ at 25%, 50%, 75% and 100% 
of their corresponding 24h-LC50 values. 
Figure 2-17 Real-time PGR results showing the relative zMT mRNA 58 
fold induction in SJD. 1 cell line (zebrafish cadudal fin cells) after 
24-hour exposure to different metal ions at 25%, 50%, 75% and 
100% of their corresponding 24h-LC50 values. 
Figure 2-18 Real-PCR results showing the relative zMrmRNA fold 59 
induction in SJD,1 cell line after 24 h-exposure to different metal 
ions at 25%, 50%, 75% and 100% of their corresponding 
24h-LC50 values. 
Figure 2-19 Real- time PCR results showing the relative zMT mRNA 61 
fold induction in SJD. 1 cell line (zebrafish cadudal fin cells) after 
24- and 48 h-exposure to Cd^^'and Zn^'^at 10%, 25%, 50%, 75% 
and 100% of their corresponding 24h-LC50 values. 
Figure 2-20 Real-time PCR results showing zMT mRNA fold 62 
induction in ZFL cell line after 24 h-exposure to different metal 
ions Cd2+, Cu2+, Hg2+ and Zn^^ ions at 25%, 50%, 75% and 100% 
of their corresponding 24h-LC50 values. 
Figure 2-21 Real-time PCR results showing the relative zMT mRNA 
fold induction i n Z F L cell 1 ine after 24 h-exposure to different 
metal ions at 25%, 50%, 75% and 100% of their corresponding 63 
24h-LC50 values. 
xi 
Figure 3-1 The nucleotide sequence of the 5'flanking region and 73 
genomic fragment of zebrafish MT gene. 
Figure 3-2 Transcription levels of luciferase reporter gene expression 74 
for HepG2 cells transfected with zMJ/Fl-Luc constructs after 
various metal treatments. 
2+ 2+ 2+ 
Figure 3-3 The time cource effect for treatments of Cd , Cu , Hg 74 
and Zn ions on luciferase reporter g ene expression in HepG2 
cells transfected with zMr/Fl-Luc construct. 
Figure 3-4 The schematic diagram showing the structure of the 76 
zMT-II promoter-luciferase deletion series that depicting the 
location of the p utative t ranscriptional f actor b inding s ites, a nd 
the analysis of the corresponding PCR products by gel 
electrophoresis. 
Figure 3-5 The relative normalized luciferase activities of HepG2 76 
cells transiently transfected with each zMT promoter-Luc 
2+ 
deletion construct after 12 h-exposure to 22.5 / / M Cd , 
33.7/ /M Cii2+, 52.5/ /M Hg^'and 120/zM Zn^ "" and no 
additional metal ions are presented as the mean of three 
replicates 土 S.D.. 
Figure 3-6 Transcription levels of luciferase gene expression for 85 
SJD.l cells transiently transfected with zMJ-Fl-luc construct 
after various metal treatment. Different doses of Cd� . , Cu�—, Hg2+ 
and Zn2+ corresponding to 0% 25%, 50%, 75% and 100% of their 
LC50 values for 24 h were used. 
21 21 21 
Figure 3-7 The time course effect of Cd，Hg and Zn ions on 86 
luciferase reporter gene expression in SJD.l cells transiently 
transfected with zMJ-Fl-Luc constructs. Each value represents 
the mean 士 S.D. of three replicates. 
Figure 3-8 Transcription levels of luciferase gene expression for ZFL 87 
cells transiently transfected with zMT-Fl-luc construct after 
various metal treatment. Different doses of Cd� . , Cu� . , Hg2+ and 
Zn2+ corresponding to 0% 25%, 50%, 75% and 100% of their 
LC50 values for 24 h were used. 
Figure 3-9 The time course effect of Cadmium, Copper, Mercury and 88 
Zinc i ons o n 1 uciferase r eporter gene e xpression i n SJD. 1 c ells 
transiently transfected with zMT-Fl-Luc constructs. 
xii 
Figure 3-10 The relative luciferase activities of SJD.l cells transiently 89 
transfected with each zMT promoter-luc delection constructs after 
24 h-exposure to 26.8 [ i M Cd2+，14.8 / / M Hg2+，271.4 / / M 
Zn and no additional metal ions are presented as the mean in 
triplicate experiment 土 S.D.. 
Figure 3-11 The relative luciferase activities of ZFL cells transiently 90 
transfected with each zMT promoter-luc delection constructs after 
24-hour exposure to 105.5 " M CcP, and 257.9 ji M Zn^^ and no 
additional metal ion. 
Figure 3-12 Schematic representation of the location of putative 93 
cz5-acting regulatory elements in relation to the transcription start 
site from teleost and human MT gene promoters. 
Figure 4-1 Schematic vector maps of phrGFP (Promoterless) and 104 
phrGFP-1 (CMV-driven) vectors. 
Figure 4-2 Schematic representation of gene transfer into zebrafish 108 
embryos by electroporation. 
Figure 4-3 Schematic vector maps of pZMZP-hrGFP and 109 
pCMV-hrGFP showing the specific primers designed for 
transgenic candidates screening by PCR. 
Figure 4-4 Amplification of the 835bp PCR product of zMT-II gene 110 
promoter from zebrafish genomic DNA with primers zMTP 
Hindill 5F and zMTPXhol 3R. 
Figure 4-5 Digestion of the promoterless GFP construct, phrGFP by 110 
Hindill and Xhol at its mutilple cloning sites, for pZMTP-hrGFP 
production. 
Figure 4-6 Plasmids were linearized with different restriction 111 
enzymes before electroporation. 
Figure 4-7 GFP expression was observed in HepG2 cells transiently 112 
transfected with pCMV-hrGFP, at 24 h after transfection. 
Figure 4-8 Fluorescent microscopy of HepG2 cells transfected with 113 
pZMTP-hrGFP, followed by subsequent exposure to 25%, 100% 
24h-LC50 Cd2+，ions and no metal addition medium for 0 h, 6 h, 
18 hand 24 h. 
xiii 
Figure 4-9 Fluorescent microscopy of HepGl cells transfected with 114 
pZMZP-hrGFP, followed by subsequent exposure to 25%, 100% 
2卜 
24h-LC50 of Cu , ions and no metal addition medium for 0 h, 6 
h, 18 hand 24 h. 
Figure 4-10 Fluorescent microscopy of HepG2 cells transfected with 115 
pZMTP-hrGFP, followed by subsequent exposure to 25%, 100% 
2 + • 
24h-LC50 Zn ions and no metal addition medium for 0 h, 6 h 
18 hand 24 h. 
Figure 4-11 Fluorescent microscopy of SJD.l cells transiently 116 
transfected with pZMrP-hrGFP, followed by subsequent 
exposure to 25%, 50%, 75%, 100% 24h-LC50 of Cd^^ and Zn^^ 
ions, and no metal addition medium for 24 h. 
Figure 4-12 Fluorescent microscopy of ZFL cells transiently 117 
transfected with pZMTP-hrGFP, followed by subsequent 
exposure to 25%, 50%, 75%, 100% 24h-LC50 of Cd^ "" and Zn^^ 
ions, and no metal addition medium for 24 h. 
Figure 4-13 Survivorship o f zebrafish ernbryos (counted at 96 hours 118 
after spawning) subjected to electroporation at various voltages, 
in PBS buffer. 
Figure 4-14 Expected PCR product size for the presence of 119 
pZMrP-hrGFP and pCMF-hrGFP using primer pairs zMTP 
Hindlll and phrGFP MCS 3，，CMV Forward and phrGFP MCS 
3,. 
Figure 4-15 PCR screening of (A) pZMTP-hrG¥V using primer pair 119 
zMTP Hindlll and phrGFP MCS 3,, and (B) pCMF-hrGFP 
constructs., with primer pair CMV Forward and phrGFP MCS 3’. 
Actin was amplified with primer actin 41 and actin 42 to confirm 
genomic DNA obtained were in good quality for screening. 
xiv 
Abbreviations 
AP1 Activator protein-1 
Cd Cadmium 
cDNA Complementary DNA 
Co Cobalt 
CO2 Carbon dioxide 
Ct Threshold cycle 
Cu Copper 
CYP Cytochrome P450 
dHiO double distilled water 
DDT Dithiothreitol 
DEPC Diethyl pyrocarbonate 
DNA Deoxyribonucleic acid 
dNTPs deoxynucleotide triphosphates 
dsDNA double-stranded deoxyribonucleic acid 
EDTA Ethylenediaminetetracetic acid 
FBS Fetal bovine serum 
GAPDH Glyceraldehydes phosphate dehydrogenase 
GSH Glutathione 
GFP Green fluorescent protein 
Hg Mercury 
hpf Hour post fertilization 
K Potassium 
Kb Kilo basepair 
LC50 Lethal concentration with 50% death 
Mg Magnesium 




MRE Metal responsive element 
MTF-1 MRE binding transcription factor-1 
Na Sodium 
Ni Nickel 
NTC No template control 
O.D. Optical density 
PBS Phosphate buffered saline 
Pb Lead 
PGR Polymerase chain reaction 
RNA Ribonucleic acid 
RT Reverse transcription 
TCDD 2’ 3,7,5-tetrachlorodibenzo-p-dioxin 
ssDNA Single-stranded deoxyribonucleic acid 
Spl Specific protein-1 
Zn Zinc 
xvii 
Abbreviations for amino acids and nucleotides 
Amino Acid Symbols 
A Ala Alanine 
C Cys Cysteine 
D Asp Aspartate 
E Glu Glutamate 
F Phe Phenylalanine 
G Gly Glycine 
H His Histidine 
I lie Isoleucine 
K Lys Lysine 
L Leu Leucine 
M Met Methionine 
N Asn Asparagine 
Q Gin Glutamine 
R Arg Argnine 
S Ser Serine 
T Thr Threonine 
V Val Valine 
W Tip Tryptophan 
Y Tyr Tyrosine 




G Guano sine 
T Thymidine 
xvi 
Chapter 1 Literature review 
1.1 Aquatic heavy metal contaminations 
Along with the rapid development in industry and agriculture in the past decades, 
heavy metals c ontaminations have b een continuously r eleased and the h eavy m etal 
concentrations in many aquatic systems are elevated above the natural background. 
Heavy metals are discharged into natural environment from human activities, such as 
industrial processes (e.g. Electro-painting), domestic systems (e.g. pipe and water 
tanks) and landfills wastes (e.g. computer wastes). Heavy metals are non-degradable 
and non-destroyable, and contaminate landfills sediment, the contaminated leachage 
eventually enter fresh water, estuarine and coastal ecosystems. 
1.1.1 Biology of heavy metals 
Heavy metals are chemical elements with specific gravity that is at 1 east five. 
They are natural constituents of crust, having atomic mass between 63.546 and 
200.549. Some metal ions are vital and essential for normal cellular functions in trace 
amount, for examples, Ca^^, Co�.，Cr^ ,^ Cu^ ,^ Fe]., K+, Mg2+, Mn�.，Na+, Ni2+ and 
2+ 
Zn ； they are thus known as essential metals. Essential elements usually act as 
CO factors for apoproteins, for instances, the role of Zn^+in superoxide dismutase, 
1 
Co2+ in vitamin B12, Cu^ "^  in superoxide dismutase and ceruloplasmin , Cr^^ in insulin, 
2. j 
Mn in pyruvate carboxylase and Ni in urease. Besides, essential metals also act as 
structural components for many important proteins, so as to stabilize their biological 
active structure. For instance, Zn helps stabilize the structure of transcriptional 
regulating protein, zinc-fingers. Though essential metals are essential for life, 
excessive amount of them, nonetheless, can be highly toxic. 
In contrast, some metal ions have no known biological role in our body, such 
I o I . I 2 I 2 j 2 I 
as Ag , A1 , Au , Cd , Hg , Pb are known as non-essential metals, which are very 
toxic to our bodies even at relative low concentration. They are not required for living 
processes, however, they can accumulate in our bodies and cause some toxic effects. 
1.1.2 Mechanism of heavy metal toxicity 
Heavy metals exhibit their toxic effects as free radicals, when their originally 
paired-electrons got separated. To regain atomic stability, they tend to grab electrons 
from surrounding cellular components. When the level of free radicals increases 
beyond a certain point, the cellular protective electron-donating mechanisms or 
intracellular metal chelator proteins, e.g. metallothioneins (MTs) in vertebrate cells, 
will cease to protect the body (Kagi and Schaffer, 1988). As a result, rapid aging and 
degeneration would take place. 
2 
As previously discussed, some metals are essential for normal cellular functions, 
disruption and displacement of certain metals by similar metals will cause severe 
2 j 2+ toxicity. For example, Cd may substitute for the essential metal Zn in 
zinc-dependent metalloproteins, P b � . can displace calcium in bone (Mahaffey, 1974). 
Toxicity of heavy metals at acute dose is always lethal; therefore, more concerns 
have been raised in studying their sub-lethal effects. Metal toxicity is affected by 
susceptibility, dose responsiveness, route of intoxication (entrance to body, absorption 
and metabolism), storage (accumulation) and excretion (Goyer, 1995). 
To access the possible biological impacts of heavy metals to organisms, the 
measurement of their concentration in environments alone will not reflect the actual 
toxicity. Instead, in molecular toxicology study, the bioavailability of heavy metals is 
measured by the corresponding biological responses elicited in organisms. Certainly, 
in-depth study of these bioindicators (or biomarkers), especially at molecular level, 
will help understand the specific toxicity of heavy metals and their potential threats to 
the ecosystem. 
3 
1.2 Environmental monitoring of aquatic metal 
contaminations 
1.2.1 Bioconcentration effect of heavy metals 
Understanding the toxic effects of heavy metals, monitoring of heavy metal 
contaminations in water body in evaluating water resources, especially in drinking 
water is necessary. In conventional monitoring of water quality, the concentration of 
heavy metals can be measured by chemical analysis, such as atomic absorption 
spectrum (AAS). Chemical analysis alone, however, gives no information on the 
amount of heavy metal absorbed by the aquatic organisms. In fact, aquatic organisms 
accumulated heavy metals from contaminated water, and gradually accumulated and 
bioconcentrated along the food chain to higher trophic levels, causing 
biomagnification effects. 
Previous studies reported environmental pollutants, such as heavy metals, could 
be thousands times more concentrated than the pollutants concentration in 
surrounding water. Fishes feed on small biota, such as algae and smaller fishes, and 
uptake environmental pollutants by absorption across the gill epithelium. For instance, 
literatures reported the concentration of mercury level was 40,000 times higher in fish 
muscle tissue (Kannan et al., 1998) and 100,000 times for dioxin, 
2,3,7,5-tetrachlorodibenzo-p-dioxin (TCDD)(Frakes et al., 1993), compared to their 
4 
concentration in surrounding water. 
The degree of bioconcentration may vary upon different species, type of 
contaminants (due to different water solubility), organism's capacity for metabolism 
and e xcretion, and c hemical p roperties of the w ater. Thus, analysis o f heavy m etal 
contents in fish tissues could better reveal the level of absorption, than measuring the 
concentration of heavy metal in surrounding water alone. 
1.2.2 The concept of bioindicator in pollution assessment 
Fish is commonly used as toxicological model in pollutant exposure experiment, 
to estimate the acute, as well as the sub-lethal effects of environmental pollutants. 
With current progress in Genome Mapping Projects, extensive works have been 
carried out concerning the understanding of cellular physiological events at molecular 
level. To maintain the normal function in our body, the regulation of gene expressions 
in precise pattern, at correct time and level is crucial. 
Exposure of pollutants at concentration below analytical detection limits for 
prolonged period may elicit biological responses (e.g. change in metabolism, 
physiology, immunology, morphology, immunology, or change the level of smaller 
biological molecules, such as DNA and proteins), prior to any phenotypic changes. 
5 
Literatures reveal that monitoring the subtle expression level change of particular 
genes, usually known as marker genes, in an organism can be useful in early diagnosis 
of pathogenesis. 
Recent advances in molecular biology technique, such as reverse transcription 
polymerase chain reaction (RT-PCR), allow the detection of subtle changes in gene 
expression that may firstly indicate the toxic effect on an organism (Ohan and 
Heikkila, 1993). Examples are the induction of CYPIA gene by polyaromatic 
hyhrocarbons (Rajcani et al., 1 975), and metallothionein gene b y heavy metal ions 
(Price-Haughey et al., 1986; Waalkes and Klaassen, 1985). Measurement of the level 
of these genes induction level may reflect exposure of bioavailability of toxicants that 
contributed to higher pathological effects. Induction in gene expression can be done 
by measuring gene transcript (messenger RNA) level by quantitative PCR. 
In contrast to conventional chemical analytical strategies in aquatic environment 
monitoring, which measure the chemically defined concentration of metal 
contaminations, biomarkers have specific biological responses elicited at chemical 
concentration below analytical detection limits or after chemical exposure has ceased 
(Rand, 1995). This characteristic of biomarker favours the study of long-term 




In the past, in studying the toxicity of metals for fish, researchers have 
mainly focused on the short-term exposures to a single metal at relatively high 
concentration only, instead of investigating the toxic impact of long-term exposure to 
metal mixtures. During acute, high-dose metal exposure, the maintenance of branchial 
osmoregulation and gas exchange are crucial for survival, while under sublethal 
chronic metal intoxication, the intrinsic adaptive capacity of fish upon toxic metal 
species becomes more important. This adaptive mechanism renders metals less toxic 
by controlling tissue distribution o f accumulated metal ions, the intracellular metal 
sequestration. One of the most well-studied molecules involves in intracellular metal 
sequestration, is the thiol-containing protein, metallothioneins (MTs). 
1.3.1 Biological functions of MT and its metal inducibility 
Metallothioneins (MTs) is a family of cysteine-rich metal-binding proteins, 
with a low molecular weight of 6-7 kDa. MTs are widely conserved in higher 
eukaryotes, having characteristic amino acid composition of high cysteine content (up 
to 30% of total amino acids) and low content of aromatic acid residues. In fish MTs, 
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(Figure 1-1), the 20 cysteine residues are highly conserved, and have a characteristic 
distribution of Cys-X-Cys or Cys-X-X-Cys (which X represents any non-cysteine 
amino acids) that have high affinity towards divalent metal ions (Nielson and Winge, 
1985). 
Zebrafish f^T-II ! MDPCECAKTGTCNCGATCKCTNCQCTTCKKSCCSCCPSGCSKCASGCVCKGRSCGSSCCQ 
Common carp M ‘ MDPCDCAKTGTCNCGATCKCTNCQCTTCKKSCCSCCPSGCSKCASGCVCKGNSCGSSCCQ 
Goldfish MT ^ MDPCDCAKTGACNCGATCKCTNCQCTTCKKSCCSCCPSGCSKCASGCVCKGNSCGSSCCQ 
Stone loach MT ‘ MDPCDCSKTGTCNCGATCKCTNCQCTTCKKSCCSCCPSGCSKCASGCVCKGNSCDSSCCQ 
Striped seabream MT ‘ MDPCECAKTGTCNCGGSCSCTNCSCTSCKKSCCSCCPAGCSKCASGCVCKGKTCDTSCCQ 
Channel catfish MT ‘ MDPCECSKTGTCNCGTSCKCSNCQCACCKKSCCSCCPSGCSKCASGCVCKGDTCDSKCCQ 
Northern pike m ‘ MDPCECSKTGSCNCGGSCKCSNCACTSCKKSCCSCCPSGCSKCASGCICKGKTCDTSCCQ 
Atlantic salmon MT-B ‘ MDPCECSKTGSCNCGGSCKCANCACTSCKKSCCPCCPSGCSKCASGCVCKGKTCDTSCCQ 
Mozambique tilapia MT ‘ MDPCECAKTGTCNCGGSCSCTKCSCKSCKKSCCDCCPSGCSKCASGCVCKGKTCDTSCCQ 
Rainbow trout MT-B MDPCECSKTGSCNCGGSCKCSNCACTSCKKSCCPCCPSDCSKCASGCVCKGKTCDTSCCQ 
Source of p ro te ins Accession no. 
1. Danio rerio, metal lothionein II， NP—919249 
2. Cyprinus carpio, meta l lo th ionein II AAF62232 
3. Carassius auratus, meta l lo thionein CAA65926 
4. Barbatula barbatula, meta l lo thionein CAA42036 
5. Lithognathus momyrus, metal lo thionein AAL37187 
6. Ictalurus punctatus, meta l lo thionein AAC36348 
7. Esox lucius, meta l lo th ionein CAA42035 
8. Sal mo salar’ meta l lo thionein B CAA65830 
9. Oreochromis wossambicus, metal lothionein AAB32778 
10. Oncorhynchus mykiss, metal lo thionein B CAA42037 
Figure 1-1 Alignment of fish MT amion acid sequences. The 20 cysteine 
residues (indicated by a " * ,，）are highly conserved in fish metallothioneins. The 
amino acid sequences are adapted from Gene Bank, National Center of 
Biotechnology Information (NCBI), and their corresponding accession numbers are 
shown. 
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The characteristic distribution of cysteines residues are responsible for metal 
binding properties in MTs, by the formation of thiolate clusters in the two subunits: 
the more stable a-domain (C-terminal) and the more reactive p-domain (N-terminal), 
that allow the binding of up to 7 divalent metal ions or 12 monovalent ions per 
molecule in two distinct configurations (Nielson and Winge, 1985). For examples, 
four and three divalent metal ions, Z n � . are coordinated tetrahedrally in a - and 
P-domains respectively (Figure 1-2), while six monovalent metal ions (e.g. Cu+) 
would bind in each domain with a trigonal geometry (Fischer and Davie, 1998; Kagi 
and Kojima, 1987; Nielson and Winge, 1985; Robbins et al., 1991). MTs function in 
homeostasis of essential metals, such as Cu^^ or and in the detoxification of 
2+ 2+ non-essential metal ions like Cd or Hg . 
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Figure 1-2 Schematic representation of the zinc thiolate clusters in MT. There are 
three bridging and six terminal cysteine ligans in the N-terminal P-domain (Zns cluster) 
and four bridging and six terminal ligands in the C-terminal a-domain (Z114 cluster). 
Adapted from Fischer and Davie, 1998. 
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Upon elevated concentration of intracellular free metal ions, metal-initiated 
transcriptional a ctivation of MT g enes takes place, a chieving in an increase in MT 
synthesis, and eventually lower intracellular metal concentration by binding with MT. 
In metal detoxification process, MT renders toxic metal species like Hg, from 
its highly toxic form in methylmecury, to a less toxic form by sequestration with MT, 
and reduces the bioavailability of intracellular metals. 
In a range of fish species, metallothioneins have been isolated, including, 
carp (Cyprinus carpio), plaice {Pleuronectes plates so), pike {Esox lucius) and 
rainbow trout {Oncorhynchus mykiss), tilapia (Z aured) and zebrafish (Danio 
rerio){Chm et al., 2004; Cheung et al., 2004; Kille et al., 1991; Kito et al , 1982; Ley 
et al., 1983; Ovemell et al., 1979; Yan et al., 2004). Since MT has been shown 
inducible upon accumulation of metals in fish (Bonham et al., 1984), MTs have been 
proposed as a biomarker of metal exposure (Chan, 1995; Ohan & Heikkila, 1993; 
Viarengo et al., 1999). 
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1.4 Zebrafish (Daino reid) as an animal model 
1.4.1 Biology of zebrafish 
In accessing chemical hazards in aquatic environment, the use of fish as 
representatives of upper trophic levels is widely accepted (OECD, 1995). For decades, 
zebrafish (Danio rerio), a small tropical fish originated from northern India, has been 
used as an vertebrate model system due to its ease of maintenance, short reproductive 
cycle, large number of progeny that can be produced, and the relative small space 
required to maintain large scale of offspring, at relative low cost. 
i 領^^ 
mmjl 
Figure 1-3 Zebrafish {Danio rerio) 
Zebrafish eggs are transparent, and accessible throughout development, 
which make microinjection and experimental manipulation easy. Furthermore, with 
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collaboration of zebrafish research community, zebrafish radiation hybrid maps, the 
genetic maps, the Zebrafish Genome Integrated Map (ZMAP), and the SNP (Single 
Nucleotide Polymorphism) variation map are available, which accelerates the 
zebrafish genetics study. 
1.4.2 Current applications of transgenic zebrafish 
Since simple and reliable gene delivery strategies have been developed for 
the production of transgenic zebrafish, the application of transgenic zebrafish model 
system has become an attractive and powerful tool in developmental biology, 
toxicology, identification of novel gene function and gene promoter analysis. 
As a developmental model, transgenic zebrafish has been used in the study of 
erythroid cells development (Meng et al, 1999), visualization of developing cranial 
motor neurons (Higashijima et al., 2000), rod photoreceptor development (Hamaoka 
et al., 2002), neurodevelopmental defects caused by dioxin (Hill et al., 2003), 
pancreatic development in living transgenic zebrafish embryos (Huang et al., 2001) 
and in tracking of T-cell development (Langenau et al., 2004). 
The National Aeronautics and Space Adminstration (NASA) has launched a 
series of experiments to investigate the effect of gravitational force in gene expression, 
12 
such as the alterations in /5 -actin gene expression in developing heart 
(Gillette-Gerguson et aL, 2003). 
In 2003, Gong et al. have successfully produced the first transgenic fluorescent 
zebrafish (Gong et al., 2003). Recently, transgenic zebrafish is applied as bioreactors 
in producing human coagulation factor VII in zebrafish embryos (Hwang et al., 2004). 
In toxicology study, transgenic zebrafish has been proposed for use in aquatic 
pollutants monitoring, dioxin (TCDD)(Mattingly et al., 2001; Nebert et al., 2000). 
Regulatory sequence containing the aromatic hydrocarbons responsive elements 
(AHREs) was cloned upstream to a green fluorescent proten (GFP) report gene, 
elevated level of aromatic hydrocarbons, such as TCDD would induce the 
transcription of GFP gene. 
1.5 The use of cell culture systems in toxicology research 
In accessing the potential biological impacts of thousands of chemicals and 
pollutants, time-consuming and expensive testing procedures were always inevitable. 
In the last decades, researchers are mandatory for the development of fast, 
high-throughtput, miniaturized screening procedures. Bulich and Isenberg first 
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described the use of t he bioluminiscent bacteria system for the rapid assessment of 
aquatic toxicity (Bulich et al., 1981; Bulich et al., 1990). In parallel, inverbrate testing 
bioassays were shown to be promising and cost-effective (Persoone, 1992). 
In vitro models for genotoxiciy study are commonly used to evaluate possible 
biological impacts of potential toxicants. To aid monitoring of possible alternations in 
gene expression, a variety of reporter gene systems are usually engineered into the in 
vitro models. The most prevalent used reporter genes include p-galatosidase, Renilla 
luciferase and Green F luorescent Protein (GFP). By recombinant DNA t echnology, 
reporter gene can be intentionally fused to targe genes or their regulatory region. Hence, 
subtle change in target gene expression can be easily monitored quantitatvely by 
measuring the expression of reporter gene in living cells. For long term study, stablely 
transformed cell lines (also known as stable recombinant cell lines) can be established 
readily, by enginnering a drug-resistance gene (e.g. neomycin-, hygromycin or 
puromycin-resistance genes) into the reporter gene consturcts and subsequent drug 
selection. After suitable drug selection, only cells stably carrying the recombinant 
reporter gene construct are capable to survive. Stable cell line with steady reporter gene 
expression can be culture from a single cell colony. 
With the prevalence of fish models in aquatic toxicology research, in vitro tests 
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using cultured fish cells have become popular, as an alternative or supplementary 
methods to animal test since 1980s (Babich et aL, 1986). Molina demonstrated the use 
of carp stable recombinant cell lines to access heavy metals toxicity (Molina et al., 
2002). In his study, the promoter region of a heat shock protein 70 Qisp70\ which its 
transcription is inducbible by heavy metal ions, was cloned upstream to the 
GFP-luciferase fusion protein. It was reported that GFP and luciferase expression 
levels were induced by the admintstration of Cd^^, Zri^, Hg2+ or Cu^^ ions. This 
success suggested possible use of the metal-inducible MT gene expression, to access 
environmental contamination, using stable recombinant cell line. 
Compared to live animal tests in toxological studeis, the use of cells is less 
ethically controversial. In addition, cell culture system is relative inexpensive, rapid 
and highly-controllable, making it an ideal screening method for potential toxicants and 
novel drugs. To better understand the specific toxicity mechanisms of toxicants, in vitro 
and in vitro experiment are both useful and complentary. 
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1.6 Project aims 
In this study, the metal-inducible transcription of zebrafish metallothionein (zMT) 
gene would be investigated in both in vivo and in vitro experiments in zebrafish. To 
quantify t he 1 evel ofzMTm RNA, r eal-time P C R p rotocol for the q uantification o f 
zMTmRNA level in different kinds of samples would be established. 
Besides, functional study on the cloned zMT 5, flanking regulatory region was 
carried out in two homologous cell lines, SJD.l (zebrafish caudal fin cells) and ZFL 
(zebrafish liver cells). To characterize the different importance of the cz^-acting 
elements in zMT gene expression, deletion mutants of zMT 5' flanking region were 
cloned into luciferase reporter vector for transient transfection study. 
The long term goals are to produce a transgenic fish line to study the zMT gene 
regulation of metallothionein at different developmental stages, and its potential use 
as a non-destructive bioindicator to evaluate the aquatic heavy metal contaminations 
at subcellular level for use in both laboratory and parallel field studies. 
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Chapter 2 Quantification of zMT mRNA levels using 
real-time PCR 
2.1 Introduction 
2.1.1 The use of zebrafish embryos in toxicity assessment 
In comparison to short-term tests on juvenile and adult fish, embryos assays are 
more effective in providing more diverse endpoints for evaluation of toxicological 
effects (Suter, 1987). Literatures revealed that fish in early life stages are more sensitive 
to chemical stress than juvenile and adults (Brige, 1985), probably due to their large 
body surface, undifferentiated epithelia, and the vulnearability of the developmental 
processes. 
Zebrafish, as a small tropical fish, can provide embryos with constant quality 
throughout the year, make it an ideal fish species for embryo assays. In fact, a 
short-term zebrafish embryos assay has been developed (Nagel, 1991; Schelte, 1994) to 
replace conventional acute toxicity tests on fish (German acute fish toxicity test, DIN 
38412, Acute teste TG 203 of the Organizatoin for Economic Cooperation and 
Development (OECD), and the US Environmental Protection Agency (EPA)'s OPPTS 
850.1075). Together with increasing knowledge in the molecular biology of zebrafish, 
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it is believed that the application of zebrafish embryos model will provide us more 
comprehensive data for the assessment of environmental effects, espeically those 
involved in developmental processes. It is widely believed that a small dose of 
toxicants at key stages of development or for prolonged periods could pose irreversible 
effect on embryogenesis, development of organs and nervous system, however, 
knowledge on the mechanisms of developmental toxicity is still limited. 
2.1.2 MT mRNA as a bioindicator of metal exposure 
As mentioned previously, MT gene expression is inducible by heavy metals 
(Cherian and Nordberg, 1983) and has been shown to play an important role in in the 
sequestration and detoxification of heavy metals. MT gene induction have been carried 
out in a range of fish speices, including rainbow trout {Oncorhynchus mykiss), pike 
{Esox lucius), stone loach (Barbatula barbatula), sea bream (Lithognathus mormyrus), 
ayu {Plecoglossus altiveli), European flounders (Platicthys flesus), common carp 
{Cyprinus carpio), tilapia (Tilapia mossambicus) and gibel carp {Oreochromis 
mossambicus )(Chan et al , 2004; Cheung et al., 2004; De Boeck et al., 2003; George et 
aL, 2004; Mollis et al., 2001; Lin et al., 2004; Olsson and Kille, 1997; Samson et al., 
2001; Suzuki et al., 1987). Since MT mRNA is inducible by a variety of metals, 
including cadmium, copper, lead, mercury and zinc, its quantification can be an useful 
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biomarker to evaluate the exposure histories to heavy metal pollution. 
The advantages of the zebrafish embryos model provide researchers with an ideal 
platform to elucidate the molecular link between heavy metal ions and MT gene 
regulation in zebrafish. To achieve such goal, nonetheless, the establishment of a 
protocol to quantify MT mRNA level in sample tisses is necessary. 
2.1.3 Quantification of gene transcripts by RT-PCR 
Reverse transcription polymerase chain reaction (RT-PCR) is widely used in 
biological research for the quantification of mRNA levels and comparing gene 
expression pattern. Compared to tradational approaches in gene expression analysis, 
such as northern blot, dot blot, in situ hybridization and hybridization assays, RT-PCR 
allows gene expression analysis on a large number of samples, and enable 
quantification of mutiple target genes in the same experiment. 
The developmet of quantitative real-time PCR 
Conventional RT-PCR, despite of its prevalence in the past decades, has numerous 
limitations in gene expression study, such as low throughput, low sensitivity and 
specificity. In comparison, the lately developed fluorescence-based real-time PCR 
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quantitative technology has many advantages over the convnentional RT-PCR 
quantification in sensitivity, dynamic range, accuracy, high-throughput capacity, and 
the absence of tedious post-PCR manipulations (Higuchi et al., 1993). 
For the reliability and promising sensitivity of quantitative real-time PCR, its 
application has become increasing important in the detection of genetically modified 
foods (Akiyama et al , 2002; Permingeat et al., 2002; Rho et al., 2004), and clinical 
diagnosis, for instances, for detection of breast cancer (Bieche et al., 1998), lymphoma 
(Howe et al., 2004), for diagnosis of viral infection in severe acute respiratory 
syndrome (SARS) coronavirus (Grant et al., 2003) and Epstein-Barr virus (EBV) 
infection (Yuge et al., 2004), for monitoring the pharmacological response of human 
cancer upon treatment (Miyoshi et al., 2002), and for the study of tissue-specific gene 
expression (Bustin, 2000). 
The principles of quantitative real time quantitative PCR 
In quantitative real-time PCR, many fluorescent-based strategy have been 
employed to detect the quantify gene transcripts during amplification cycles. The most 
commonly applied real-time PCR methods are TaqMan and the SYBR-Green-based 
strategy. 
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TaqMan real-time PCR 
In TaqMan method, the formation of PCR amplicons is signalled by a process 
involving the nucleolytic degradation of a double-labeled fluorogenic probe that 
hybridize to target template at a site between the forward and reverse primer 
recognition sequences. This would involve a Taqman probe with a quencher dye (e.g. 
TAMRA) at its 3, end and a reporter dye at the 5' end (e.g. FAM and VIC). The 3' end 
of the probe is blocked by phosphorylation, preventing elongation by the Taq DNA 
polymerase. Flourescence emission from the reporter is quenched by the quencher dye 
(Figure 2-1 A), due to their proximity to each other�During extension phase of PCR 
reaction, Taq DNA polymerase displaces the probe from the sequence by its 5'->3' 
nuclease activity . The reporter dye is, thus, separated from the quencher, and the 
fluorescence emitted is directly proportional to the number of template molecules in the 
reaction (Figure 2-IB). 
TaqMan real-time PCR is well known for its high specificity for DNA 
quantification, and its capability of quantifiying mutiple target sequences in a single 
PCR reaction (Mutilplex quantification). However, its high starting cost (For both the 
reagents and Taqman probe) make it less competetive, compared to other real-time 
PCR strategies, in cDNA measurement in robust PCR system 
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Figure 2-1 The schematic diagram illustrating the principle of TaqMan 
real-time PGR. (A) A double-labeled fluorogenic probe that hybridize to the target 
template at a site between the forward and reverse primer recognition sequences. 
Taqman probe has a quencher dye (Q) at its 3' end and a reporter dye (F), FAM, at 
the 5’ end. Flourescence emission from the reporter is quenched by the quencher 
dye (Figure 2-1 A), due to their proximity to each other. During extension phase of 
PGR reaction, Taq DNA polymerase displaces the probe from the sequence by its 
nuclease activity. The reporter dye is, thus, separated from the quencher, and 
the fluorescence emitted is directly proportional to the number of template 
molecules in the reaction. 
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SYBR-Green based real-time PCR 
One method uses the SYBR Green dye I，a fluorescent dye with a high binding 
affinity to the minor groove of double strand DNA (dsDNA). Upon excitiation at 497 
nm, this fluorescent dye exhibits an emission maximum at 520 nm. Compared to the 
unbound state, the fluorescence of dsDNA bound SYBR Green dye I would dramtically 
increase for two orders, allowing sensitive detection of product accumulation during 
real-time PCR (Figure 2-2). As PCR product is amplified over a range of PCR cycles, 
the change in fluorescence may be monitored as a linear fashion, reflecting the 
accumulation of targe amplicons, and the increase rate of fluorescenct signal intensity 
depends on the initital concentration of target DNA presents in the PCR reaction. 
Specificity of the real-time PCR amplification 
SYBR Green binds non-specifically to dsDNA, during the PCR amplification, 
target amplicons is not distinguishable from the PCR products resulted from 
non-speicifc priming, primer-dimer formation or even genomic DNA contamination. 
Thus, to minimize the effects of any side-reaction product, careful primer design is 
crucial for reliable quantification of targets. 
Firstly, primers should have minimal secondary structure and with optimized base 
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compositions to prevent possible false priming sequence. Besides, primers designed on 
the junction of exon-intron (Spanning-exons) bind only correct mRNA transcripts, and 
eliminate the effect from genomic contamination (Figure 2-3). 
During the optimization of the real-time PCR, it is recommended to check for the 
correct amplicon size by gel electrophoresis, at the end of the amplication process. Also, 
since the melting point of a DNA fragment depends on its individual length and its G/C 
content, determination of the individual melting temperature for a DNA fragment can 
be used to to differentiate specific PCR product from unspecific products or 
primer-dimers. Hence, the melthig temperature (Tm) of resulted PCR products should 
be checked at the end of every real-time PCR run. 
Compared to the TaqMan method, SYBR Green-based real-time PCR has been 
shown with comparable dynamic range and sensitivity (Schmittgen et al., 2000), and 
thus, making it an economical alternative to the relative expensive Taqman assay, in 
cDNA measurement in robust PCR system. 
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Figure 2-2 Schematic drawings illustrating the principle of SYBR Green I dye 
in detecting the amount of dsDNA during real-time PCR amplification. (A) At the 
beginning of PCR, when dsDNA for SYBR Green binding is limited, the unbound 
dye only give weak fluorescence signal. (B) After a series of PCR cycles, 
accumulation of dsDNA amplification product allows binding of SYBR Green L 
When bound to dsDNA，the fluoresnces from SYBR Green dramatically increases 
for two orders, allowing sensitive detection of product accumulation during 
real-time PCR. (C) The fluorescence emitted is directly proportional to the 
number of template molecules in the reaction. 
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Figure 2-3 The schematic diagram showing the binding of spanning-exons 
primers (in yellow colour) onto (Top) cDNA and (Bottom) its corresponding genomic 
DNA template. The spanning-exons primers design prevents any unwanted 
amplification from the genomic DNA. 
Normalization of real-time PCR results 
To compare the level of zMT mRNA in tissue samples, the real-time PCR results 
should be appropriately normalized. First, the transcription level of zMTis compared to 
a constitutively expressed endogenous control, as a transcriptional reference to 
standardize between amounts of samples assayed. Commonly used endogenous 
controls include fi-actin, glyceraldehydes phosphate dehydrogenase (GAPDH), 18S 
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and 28S ribosomal RNA (Bhatia et al , 1994; de Leeuw et al., 1989; Spanakis, 1993). 
Among these endogenous controls,T^-ac^m is widely accepted as a reliable internal 
control to verify the integrity of the RNA and equal loading (Overbergh et al , 1999). 
For more than ten years,^-ac^m has been used as internal control in MT study due to its 
invariant expression under heavy metal exposure (Lee et al., 2003; Permingeat et al., 
2002; Rebelo et al., 2003; Ren et al., 2003; linger and Roesijadi, 1993). Therefore, in 
this study, fi-actin mRNA level was used as the endogenous control for normalization. 
2.1.4 Specific aims of this chapter 
In this chapter, the transcriptional regulation of metallothionein gene would be 
investigated in vivo, in zebrafish {Danio rerio) at two different developmental stages, 
embryos at late epiboly (8 hpf) and eleutheroembryo (96 hpf), and in vitro, in zebrfish 
caudal fin cells (SJD.l) and liver cells (ZFL), using the sensitive quantitative PCR 
assay, realtime PCR. The potent in vivo and in vitro zMT inducers would be identified 
to help determine whether zebrafish metallothoinein is a potential early-biomarker for 
heavy metal exposure, which should show dose-dependent, time-dependent 
relationship, and with relative high sensitivity for sub-lethal heavy metal dose in 
surrounding water. 
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2.2 Materials and methods 
2,2.1 Animal 
Zebrafish maintenance 
Zebrafish (Striple p attem, s hort fins) w as o btained f rom a 1 ocal p e t s hop, a nd 
maintained in the fish culture laboratory following the procedures described by 
westerfield in The Zebrafish Book (Westerfield, 1993). Fish were maintained 2 8 .5�C 
in glass aquaria (80 cm x 35 cm x 40 cm, approximately 100 L) with filter systems and 
aeriation in reverse-osmosis grade water. Fish were fed three times a day, switching 
between dry flake food (Tetra min®), newly hatched brimp shrimps and frozen blood 
worms. Fish were kept at a light/dark rhythm of 14/10 h in the SANYO® photoperiod 
incubator, keeping the zebrafish in a reproductive state. 
Embryo production 
Sexually mature zebrafish male and female zebrafish can be distinguished from 
their body shape and colour. Male are slender and have yellowish ventral and caudal 
fins, while female are more rounded and silvery. To maximize egg production, male 
and female zebrafish were kept in separated tanks before mating. 
On the evening before breeding, 3 males (with slimmer body and slightly yellow 
at the belly) and 6 females (with silvery body and bigger body size) were put into small 
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cage with a meshed bottom to save the embryos. Fish would start spawning at the onset 
of light the following morning. Spawned embryos dropped through the mesh and were 
collected with a disposable plastic dropper. Embryos were then rinsed with distilled 
water to remove unwanted debris. Cleaned embryos were transferred to petri dishes in 
reverse-osmosis grade water and maintained at 28.5�Cin incubator for use. 
Larvae nursing 
Fertilized eggs normally hatchd at 72 to 96 hours post fertilization (hpf). Larvae 
adhere to the side of the petri dish and remain motionless for 24 h to 48 h. They would 
feed on the nutrient in yolk sac, and require no external feeding at this stages. At about 
5-6 day post fertilization (dpf), larvae should be fed will powder food for baby fish 
(TetraTM). To maintain ideal water quality, one-third of water should be renew daily, 
unattended food and dead larvae should be cleaned up as quick as possible. 
After 3 weeks, feeding could be swtiched into newly hatched brine shrimps. After 
1 month, they could be transferred into a regular tank for adults and maintained like 
adult fish. The fish would be sexually mature after 3 month and proceed to breeding for 
next generation. 
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Metal solution preparation 
Metal salts at reagent grade (CdClz, C0CI2, CuCb, NiClz, Pb(N03) 2, ZnCl!) were 
purchased from Sigma and dissolved in double distilled water as metal stock solutions 
at concentration of 100 mM of metal ions, while hydrogen peroxide was prepared 
freshly before the experiment. The stock solutions were then sterilized by syringe 0.22 
jam filter and stored at 4 � C refrigerator. Metal stock solutions were diluted with fresh 
medium to proper concentration for experimental uses. 
Metal acute toxicity test on zebrafish 
Zebrfish at three distinct developmental stages, which included late epiboly (8 hpf) 
and eleutheroembryo (96 hpf) and adult, were chosen for the acute toxicity test. In the 
test, the concentrations of heavy metal ions and hydrogen peroxide which cause 50% 
mortality of the test population of zebrafish after exposure periods of 24 h and 96 h in 
water were determined, and designated the 24 h-LC50 and 96 h-LC50. 
According to the procedures of semi-static method described in ISO 7346-2 (ISO, 
1996), test solutions were renewed every 24 h to maintain constant concentration of the 
substance in test. To minimize the effect of feeding, zebrafish were fed as normal up to 
24 h immediately preceding the test. All tests were carried out under the photoperiod of 
14:10 light/dark rhythm. 
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For adult zebrafish, 20 fish with length 30 mm 士 5 mm, were selected from a 
population of a single stock, and incubate in a platstic tank with 4 L test solution in 
incubator at 2 3 � C ± 1 � C . Variations in aeration between tanks should be adjusted to 
minimum. Toxicity test for zebrafish at late epiboly and eleuthero embryo stage were 
carried out in 100mm petri dishes, containing 30ml test solution, at 28.5。C in incubator. 
Samples for mRNA quantification would be briefly rinsed with (M2O, immediately 
frozen in liquid nitrogen, and stored at -80 freezer until use. 
At the end of test time point, moratlity of test fish compared to water 
control would be represented in percentage (%) and plotted against the concentration 
(jiM) of test substances to obtain a sigmoid curve using GmndPad® Prism statistics 
analysis software. LC50 values were then calculated with the in-build equation for the 
analysis of mortality curve in the software. 
2.2.2 Cell culture 
SJD.l cell line(ATCC# CRL-2296) 
SJD.l is a fibroblast cell line derived from amputated caudal fins of an adult 
zebrafish, strain SJD, which has been used for genetic mapping. It was maintained in 
incubator at 2 8 � C , with 5% CO2 in Dulbecco's modified Eagle's medium (DMEM) 
with 4 mM L-glutamine and 4.5 g/L glucose (GIBCO 12100), supplemented with 15% 
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heat-inactivated fetal bovine serum (FBS) and 1% penicillin-streptomycin. 
The cells should be subcultured on confluent, by removing the medium, followed by 
the rinsing with trypsin (0.25%)-EDTA (0.03%)-polyvinylpyrrolidone (0.5%) solution. 
Then, 1-2 ml additional trypsin solution would be added and the flasks would be 
allowed to sit, at room temperature, until cells detached. Finally, fresh culture medium 
would be added, aspirated and dispensed into new culture flasks at 1:3 ratio for further 
propagation. 
ZFL cell line (ATCC# CRL-2643) 
ZFL cells were derived from normal adult zebrafish liver, and have been growing 
in culture for more than 100 generations. It was maintained at 2 8 � C in incubator, in 
growth medium containing 50% Leibovitz's L-15 medium with 2 mM L-glutamine 
(Vitacell 30-2008), 35% DMEM with 4.5 g/L glucose and 4 mM L-glutamine (GIBCO 
12100), 15% Ham's F12 with 1 mM L-glutamine (GIBCO 21700), and supplemented 
with 0.15 g/L sodium bicarbonate 15 mMHEPES, 0.01 mg/ml insulin (Sigma # 1-1882), 
50 ng/ml, epidermal growth factor (EGF) and 5% heat-inactivated FBS. 
To subculture the cells, medium was removed and fresh 0.25% trypsin - 0.53 mM 
EDTA was then added, and removed after brief rinsing. The culture was allowed to sit, 
at room until the cells detached. Then, fresh medium was added and subjected to 
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centrifugation at 1000 rpm for 10 minutes. Cell pellet was resuspended in fresh 
serum-free growth medium, and finally dispensed into new flasks at 1:3 ratio. The 
culture was then incubated 2 8 � C f o r 30 minutes for cell attachment. Eventually, 
heat-inactivated FBS was added at 5% of total volume, for further propagation. 
alarmarBlue™ assay for metal cytotoxicity experiment 
On a flat-bottomed 96-well plates, Ix 10^ cells per well were seeded, on the night 
preceding metal treatment. For each dosage of treatment, 6 replications were performed 
on the same plate. Metal solutions were freshly diluted serially, with culture medium to 
different concentrations. After metal treatments, fresh medium with a l a r m a r B l u e ™ 
amounted to 10% of total medium volume was replaced, and incubated for 5 hours. 
Finally, fluorescence readings from each well were measured by C ytoFluorTM 2350 
Fluorescence Measurement System (Millipore) with excitation wavelength at 530 nm 
and emission wavelength at 590 run. 
2.2.3 General molecular biologiy techniques 
Isolation of total RNA 
Zebrafish embryos, larvae or cell pellets were homogenized with Tri-Pure 
Reagent (Roche, Indianapolis, IN, USA) on ice, and then allowed to stand for 5 minutes 
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at room temperature. 200|al chloroform was then added and mix thoroughly, follow by 
10 min incubation at room temperature. After centrifugation at 12,000g for lOmin, at 
4°C, the supernatant was transferred into a fresh tube. Immediately, 500 [xl isopropanol 
was added. RNA precipitation was then done by 12,000 g centrifugation for 10 min, at 
4 � C . The RNA pellet was washed with 700 |il 70% ethanol, and allowed to air dry. 
Finally, RNA pellet was dissolved in 40ul DEPC-treated dHbO. The purity and quality 
of RNA obtained were then determined by spectrophotometry. RNA samples were then 
frozen at -80°C for use. 
Quantification of RNA by spectrophotometer 
Four RNA sample was added into 996 water, mixed thoroughly for OD260 
measurement with a spectrophotometer. Note that OD260 value represents RNA 
concentration of 10 |ag/|aL RNA with high purity s hould give a OD260/OD280 value 
around 2.0. 
First strand cDNA synthesis 
RNA (1 ]ig) was reverse transcribed in a 20 |LI1 reaction for 1 h at 4 2 � C . The 
reaction mixture included 200U MMLV RNase H- reverse transcriptase in IX forward 
reaction buffer, 10 pmol random primer, lOmM dithiothreitol (DTT), 1 mM dNTP and 
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2U RNaseOUTTM RNase inhibitor (Invitrogen). The first strand cDNA was then diluted 
2-fold with dHzO and stored at -20 until use. 
2.2.4 mRNA quantification by Real-time PCR 
Primer design for real-time PCR 
Gene-specific primers for zMT and p-actin were designed using the ABI Primer 
Express program (PE-Applied Biosystems, Forster City, CA, USA) following 
manufacturer's instructions. Primer sets selected by the program have minimized 
secondary structure, optimized base compositions, melting temperature and amplicons 
length for use with SYBR Real-time PCR detection systems on the ABI Prism 7700 
Sequence Detection System (PE-Applied Biossytems, Forster City, CA, USA). 
Both primers were designed to span exons, hence, to prevent primer binding onto 
genomic DNA, according to the sequence published in Gene Bank (Zebrafish 
metallothioein, accession no.: NM_194273; zebrafish P-actin, accession no: 
BC 045879 ). This could effectively increase the real-time PCR specificity upon any 
potential genomic con tamina t ion in cDNA. The primers were obtained from Invitrogen, 
and their sequence are shown in Table 2.1. 
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Table 2-1 Sequence of PCR primers for the detection of zMT and (3-actin in zebrafish by 
real-time PCR 
T^get gene |Primer 丨 Nucleotide sequence Amplicon size (bp) 
Forward primer 5'- GCC AAG ACT GGA ACT TGC AAC -3' 
ZMT 130 Reverse primer 5'- CGC AGC CAG AGG CAC ACT -3' 
Forward primer 5'- CTT GGG TAT GGA ATC TTG CG -3' 收 -a r tin oo P Reverse primer 5'- AGC ATT TGC GGT GGA CGA T -3' 
Optimization of primer concentration 
To optimize the amplification of zMT and p-actin gene, primers pairs at various 
concentration were tested. Real-time PCR were carried out with 50, 100, 250 and 500 
nM (each primer) using the same amount of cDNA templates. The amount of PCR 
products and formation of prime-dimers in each reaction were then analyzed by gel 
electrophoresis. 
Primer concentration resulted in the highest amount of specfic target PCR product, 
in the absence of primer-dimer, would be used in the quantification of zMT and P-actin 
mRNA level. 
Data collection by the real-time PCR machine 
The real-time quantitative PCR was carried out on the 7700 detection system 
consists of a 96-well thermal cycler connected to a laser and charge-coupled device 
(CCD) optics system. For the detection of flurescecnce in the reactoin tubes, an optical 
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fiber was inserted through a lens positioned over each well, and laser light would be 
directed through the fiber to excite the fluorochrome in the PCR solution. To normalize 
for non-PCR-related fluctutations (e.g. subtle thickness difference among PCR tubes or 
detection temperature) in fluorescence signal, a passive reference dye ROX in the 
SYBR reaction master mix. During data collection, emissions from each reaction 
tubes would be sent through the fiber to the CCD camera, and subsequently analyzed by 
the software's algorithms, Sequence Detection Software version 1.9 (SDS vl.9; 
PE-Applied Biosystems, Forster City, CA, USA). 
PCR components and cycling condition 
In a 0.2ml thin-walled, optical grade PCR tubes (PE-Applied Biosytems), a 
reaction mixture were set up to contain: 1 2.5 jil Brilliant® SYBR® Green QPCR 
Master Mix (Stratagene), 1 |il of a mixture of forward and reverse primers (10 jiM), 1.5 
jil reference dye (diluted into 1:50 ratio), 5 |il nuclease-free water and 5 |il cDNA 
template. 
In setting up the reaction plate with Sequence Detection System v 1.9 software, all 
default settings were used, except the reporter layer was set as SYBR Green and the 
reaction volume was set as 25 For both zMT and fi-actin, cDNA sequence was 
amplified by PCR (One cycle 9 5 � C for 10 min., 40 cycles at 9 5 � C for 30 s, 58 °C for 
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30 S and 72 for 1 min). 
Dissociation curve analysis 
To determine the specificity pattern of quantitative PCR, the identity of P CR 
products would be checked by its accurate Tm for each target in dissociation curve 
analysis of the sample in a closed reaction PCR tubes. 
Using the Dissociation C urve Software (Applied biosystems), the fluorescene 
change of resulted PCR products would be monitored, along with the gradual increase 
in temperature. The conditions for dissociation curve construction was: 95 °C for 20 s, 
6 0 � C for 15 s, and 95 °C for 20 s, Ramp time for temperature from 6 0 � C to 9 5 � C 
would be set to as slow as possible (19:59), and the fluorescent signal was only 
collected in this gradual heating step. 
The results would be presented as the rate of fluorescence change ARn against 
temperature change (�C). While SYBR Greens exhibits greater fluorescence when 
bound to dsDNA, there should be a sharp fluorescence drop as large amout of dsDNA 
targe PCR products dissociate into ssDNA at the specific Tm. The presence of correct 
amplification would be indicated by a peak at distinct temperature. No template control 
(NTC) must be included in every real-time PCR reaction to check for possible 
contamination. 
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Determination of relative amount of zMT mRNA in tissue samples 
The sensitivity of detection system allows collection of fluorescence data during 
PCR amplification, when the reaction is still in the exponential phase. After 
acquisition of fluorescence change in every PCR cycle, the cycle number at which the 
reporter dye emission intensities rises above background noise would be identified, 
which this cycle number is known as the threshold cycle (Ct)(Figure 2-4). 
Compared to the end-point measurements of accumulated PCR products used by 
traditional PCR methods, the Ct is determined at the most exponential phase of the 
reaction, which make the quantificatio more reliable. Ct values of each reaction tubes 
is the PCR cycles required by each sample to generate the same constant amount of 
PCR products. Note here the Ct is inversely proportional to the initial amount of the 
target template, the higher the initial template concentration, the lower the threshold 
cycle measured. 
Thus, with an accurate serial dilution of the same cDNA sample, a standard 
curve can be generated easily (According to the the relative quantitation protocol 
desribed in User Bulletin No. 2 of the ABI PRISM® 7700 Sequence Detection System). 
For example, in this study, a zebrafish embryo cDNA sample was serial diluted 
(10-fold each time) into four cDNA samples, tube A, B, C, and D, and used as 
calibrators (with known relative concentration) for relative standard curve 
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construction. Figure 2-4 shows the amplification plot of the standard curve of zMT, 
and Ct A，Q B, Q C and Q D were found to be 17.3, 20.7, 24.2 and 27.7 respectively. 
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Figure 2-4 The amplification plot of the four calibrator cDNA, (Red) A, (Green) B, (Yellow) 
C and (Blue) D, using zMT primer, showing their corresponding threshold cycles, Q were plotted 
against the fluorescence change (ARn). 
Since there are 10-fold concentration difference between each calibrator, Q A, 
Ct B, Ct C and Q D should each has a difference of 3.3 (since 2 = 10), assuming 
perfect PCR efficiency (2-fold amplification of the target template in each PCR cycle). 
As expected, the PCR efficiency is not 100% perfect in the PCR reaction, the Ct 
differences between calibrator A, B, C, and D were found ranged from 3.4-3.5. 
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Subequently, the Ct values of the calibrators would be plotted against the Log 
concentration of the template starting copies as shown in figure 2-5. Since it is a relative 
quantitation method, the unit used to express the dilution is irrelevant. Thus, the amount 
of input calibrator was designated with arbitrary units, lO?，10^  10^ and lO* for 
convenient calculation. The quantity of target gene in unknowns relative to the 
calibrators were determined on the relative standard curves, with their corresponding Ct 
values (Figure 2-5). 
To minimize inter-experimental differecnec, the same set of calibrators were used 
for the construction of relative standard for both zMT and p-actin on every reaction 
plate. 
Relative standard curve of zMT 
in real-time PCR quantification 
30n  
^ 2 8 -
0 26- \ 
I - \ 1 22- \ 
专 20- \ 
I 18- \ 
16-
14-1 1 1 1 1  
3 4 5 6 7 8 
Starting copies of templates 
(Arbitrary unit in Log scale) 
Figure 2-5 Relative standard curve of zMJ was constructed with serial dilutions of 
zebrafish embryo cDNA sample as templates. 
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Relative quantitation of gene expression 
To intepretate the amount of zMT transcript in cDNA sample, the relative amount 
of zMTmRNA level would be calculated as a ratio of zMrmRNA level relative to its 
corresponding P-actin mRNA level (i.e. zMT : fi-actin). Hence, the fold induction of 
zMT mRNA level was determined by dividing the relative zMT mRNA level of 
metal-treated samples, with those in control samples. 
23 Results 
2.3.1 Heavy metal toxicity 
Acute toxcity test of various metals were carried out in zebrafish embryos at late 
epiboly (8 hpf), eleutheroembryo (96 hpf) and adults. The 24h- and 96h-LC50 values 
reflect the acute physiological toxic effect of the metal ions (Table 2-2). The metal 
toxiciy in zebrafish of different developmental stages is summarized in table 2-3. 
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2.3.1.1 In vivo metal toxicity in zebrafish adult 
24h-LC50 of zebrafish adult 96h-LC50 of zebrafish adult 
exposed to cadmium ions exposed to cadmium ions 
ioo-| ioo-|  LC5o = 1.314^ M LC5o=0.8497HM 
r / r / 
I 50_ J i 50_ / 
25- } ° 25- J 
oJ——f——, ,—— 0 I “ . 
-1.25 -0.75 - “ 5 0.25 ：^ ^ 05 
Log [Cd^ l^/nM Log [Cd2+] / jJVI 
24h-LC50 of zebrafish adult 96h-LC50 of zebrafish adult 
exposed to copper ions exposed to copper ions 
•1 T i 
L C 5 o = 7 . 0 4 1 h M / ^ ^ 
^ 75- T / ^ 75- Z LC5O= 1.535HM 1 / 1 / 
0 50- / O 50- , ^ / ^ V 
25- A 25- Y 
0-1~\ ^^  I 1 oJ 1 , 
-0.25 0.25 0.75 1.25 -0.25 0.25 0.75 1.25 
Log [Cii2+] / nM Log [Cu^ ]^ I M^ 
24h-LC50 of zebrafish adult 96h-LC50 of zebrafish adult 
exposed to zinc ions exposed to zinc ions 100-| ^ 100-|  
LC5o= 65.87^M LC50 = 51.17hM T/ 1 75- Z I 75- / 
I 5�_ Z I 50- / 
0-1 rr^ 1 oJ i-r-i , 
1 2 3 1 2 3 
Log [Zn2+�I i^M Log [Zn^""] I nM 
Figure 2-6 Toxicity curves showing the 24h- and 96 h-LC50 values of CcP, Cu^ "" and Zn^^ 
ions of zebrafish adults. Each values represents mean 士 S.D. of 3 replicates. 
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2.3.1.2 In vivo metal toxicity in zebrafish embryos at late epiboly ( 8hpf) 
24h-LC50 of zebrafish embryos at late 96h-LC50 of zebrafish embryos at late 
epiboly (8hpf) exposed to cadmium ions epiboly (8hpf) exposed to cadmium ions 
85- LC5o=214.5hM ^ ^ LCso = 19.23^ M 
r / I- / 
^ 35- I / 
1�- ^ ^ 書 I 1 o|J 1 , 
0 1 2 3 0 1 2 3 
Log [Cd2+] /nM Log [Cd^ ]^ /^ M 
24h-LC50 Of zebrafish embryos at late 96h-LC50 of zebrafish embryos at late 
epiboly (8hpf) exposed to copper (II) ions epiboly (8hpf) exposed to copper (li) ions 
100-| j z \ 100-| .——. 
75- A 75- _• / I / I / 
I 5�- / I / 
25- y 25- / 
, 1 oJ , , , 
-0.5 0.5 1.5 2.5 0 1 2 
Log [Cu2+] /jiM Log [Cu2+] /^ M 
24h-LC50 of zebrafish embryos at late 96h-LC50 of zebrafish embryos at late 
epiboly (8hpf) exposed to lead (II) ions epiboly (8hpf) exposed to lead (II) ions 
1�� ] 1�� ] I 2.834^ iM 75 LC5o= 1.922HM 
f f / 
o 50- O 50- Y 
25- 25-
oJ 1 1 1 1 oJ 1 1 1 1  
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Log [Pb2+] I nM Log [Pb^ ""] I ^ M 
Figure 2-7 Toxicity curves showing the 24h- and 96h-LC50 values of Cu^^, CcP and Pb^^ 
of zebrafish embryos at late epiboly (8hpf). Each value represents mean 士 S.D. of 3 replicates. 
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24h-LC50 of zebrafish embryos at late 96h-LC50 of zebrafish embryos at late 
epiboly (8hpf) exposed to mercury ions epiboly (8hpf) exposed to mercury ions 
100-1 — ^ — i lOOn — . . 
LCgo = 10.43^iM「 LCso = 8.355^ M f 
I 5。- I I 5。- / 
25- / 25- J 
-A J J ^ 
^ , ^ , , o-Li, , , 
0 1 2 0 丄 1 2 
Log [Hg2+] /^ M Log [Hg2+] /^ M 
24h-LC50 of zebrafish embryos at 丨ate 96h-LC50 of zebrafish embryos at late 
epiboly (8hpf) exposed to zinc ions epiboly (8hpf) exposed to zinc ions 
100] 100^  K ^ ^ • I I 
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24h-LC50 of zebrafish embryos at late epiboly 96h-LC50 of zebrafish embryos at late epiboly 
(8hpf) exposed to hydrogen peroxide (8hpf) exposed to hydrogen peroxide 
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Figure 2-8 Toxicity curves showing the 24h- and 96h-LC50 values of Hg2+, Zn^^ and H2O2 
of zebrafish embryos at late epiboly (8hpf). Each value represents mean 士 S.D. of 3 replicates. 
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2.3.1.3 In vivo metal toxicity in zebrafish eleutheroembryo (96 hpf) 
24h-LC50 of zebrafish eleutheroembryos 96h-LC50 of zebrafish eleutheroembryos 
(96 hpf) exposed to Cadmium ions (96 hpf) exposed to cadmium ions 
100^ ^ _ 100N ^ . — — 
L C 5 0 = 5 2 . 9 0 ^ M 广 L C s o = 5 2 . 7 5 ^ M 
f “ / f 
I 50- / O 50-& J . 
i 1 ol . 7 乂——, 
1 2 3 1 2 3 
Log [Cd2+] I jiM Log [Cd^ ]^ I ^ M 
24h-LC50 of zebrafish eleutheroembryos 96h-LC50 of zebrafish eleutheroembryos 
(96 hpb) exposed to copper ions (96 hpb) exposed to copper ions 
100"! ^ 1 0 0 - ] ^ ^ • 
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24h-LC50 of zebrafish eleutheroembryos 96h-LC50 of zebrafish eleutheroembryos 
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Figure 2-9 Toxicity curves showing the 24h- and 96h-LC50 values of various metal ions of 
zebrafish eleutheroembryo (96 hpf). Each value represent mean 士 S.D. of 3 replicates. 
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Table 2-2 Summary of the metal toxicity in differernt stages of zebrafish. The LC50 
values were calculated with the survival equation contained in GrandPad Prism® statistics 
analysis software. 
LC5Q values (/^M) 一 
8 hpf 96 hpf Adult 
24h-LC50 |96h-LC50 24h-LC50 |96h-LC50 24hiC50 |96h-LG50 
Cd2+ 214.5 19.23 52.90 ~ 52.75 1.314 0.8497 
Cu2+ ‘ 5.160 1.327 ~ 4.786 3.714 7.041 1.535 
Zn^ "" 6112 35.58" 150.l| 52.77 65.87 51.17 
8 355 邓 
0 QQ/1 1 noo 2.834 1.922 """"""""" “   H202 537.9 499.3 , , , 
Table 2-3 The metal toxicity (in decending order) of various metals in zebrafish 
embryos at late epiboly (0 hpf), eleutheroembryos (96 hpf) and adults. 
In vivo metal toxicity (in descending order) in zebrafish : 
24-hour metal exposure 
Adults: Cd2+ > Cu2+ > Zn2+ 
Eleutheroembryo (96 hpf): C u � .> Cd^ ^ > Zn^^ 
Late epiboly (8 hpf): P b � .> Cu2+ > Hg^ ^ > H2O2 >Cd 2+ > Zn^^ 
96h-hour metal exposure 
Adults Cd2+>Cu2+>Zn2+ 
Eleutheroembryo (96 hpf): Cu^^ > Cd^ ^ > Zn2+ 
Late epiboly (8 hpf): Cu^^ > Pb^ ^ > > Cd^ ^ > Zn^^ > H2O2 
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2.3.1.4 In vitro metal toxicity on ZFL cell line 
Cytotoxicity curve of Cd2+ Cytotoxicity curve of Co^^ 
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Figure 2-10 Cytotoxicity curves for Cd�—，Co^^, Cu^^, Pb。.，Hg2+, Ni^^, Zn^^ and 
H2O2 on ZFL cell line in 24 h treatment. Cytotoxcities were determined by 
alarmarBlueTM assays and presented as mean of 6 replicates 士 S.D.. 
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The cytotoxicity (24h-LC50) of cadmium, cobalt, copper, lead, mercury, nickel, 
zinc ions and hydrogen peroxide, on SJD.l (Yan and Chan, 2002) and ZFL cell lines 
were determined by alarmarBlue™ assay. The cytotoxicity of various metals and 
hydrogen perxode for HepG2, SJD.l and ZFL cell lines are shown in figure 2-4. LC50 
values were determined by GrandPad Prism® statistic analysis software, and compared 
in table 2-5. 
Table 2-4 The 24h-LC50 values of various metal ions in SJD. 1 and ZFL cell lines 
24 h~LC50 values (/zM) ~ 
Treatments SJDJ ZFL — 
Cadmium (C(f+) 26.8 140.6 
Cobalt (Co'') 一 564.4 2305.0 
Copper (Ctf, 308.1 
Lead 一 4288.0 2887.0 
Mercury (Hg'Q ^ 68.6 
Nickel (ND . . “ 18392.2— 2957.0 
Zinc (Zn , 一 361.8 343.8 
, 9.461 271.7 
Table 2-5 The metal toxicities (in decending order) of various metals in SJD. 1 and 
ZFL cell lines. 
Cell lines Metal toxicity in descending order 
SJD.l H2O2 > Cd2+ > Hg2+ > Cu2+ > Zn2+ > Co2+ > Pb^^ > Ni^"" 
？ i Hg2+ > Cd2+ > H2O2 > Cu2+ > Zii2+ > Co2+ > Pb2+ > N i ^ 
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2.3.2 Optimization of real-time PCR conditions 
2.3.2.1 Construction of relative standard curve 
Relative standard curve for zMT and P-actin (Figure 2-11) were constructed with 
serial dilution (10-fold) of a c D N A sample sample as templates (calibrators). The 
amount of input calibrators were designated with aribituary units, lO?, 10^ 10^ and lO^ 
(Representated by filled black dots in Figure 2-11) in the initial plate setup step, using 
SDS vl.9 software. Standard curves were then generated with the in-built programmes 
in SDS vl.9 sotware by linear regression. The quantity of target gene in unknowns 
(represented with filled red dots in Figure 2-11) relative to the calibrators were 
determined on the relative standard curves. 
The correlation coefficient of both zMT and fi-actin relative standard curves were 
found to be 0.999, which indicates excellent linear relationship between starting quality 
of template and the threshold cycles. Since the zMT and P-actin m R N A level of most 
samples laid within the e ffective range of the relative standard curves, the relative 
quantification results would be highly reliable. 
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(A) Relative standard curve for zMT mRNA quantification 
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(B) Relative standard curve for ji-actin mRNA quantification 
• ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ standard Curue ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ B 
standard Curve - Q40526-ZFL-Zn-24h Act MT 
• 1 ‘ i W ^ ^ ~ ~ i ^ 
45.00 - - - ~ 
40.00 - - . - � - � - - r 1 Unknowns 
2 35.00 -—广 “ T , i, —I ' - " M M 厂 「「“ • 
X 30.00 • — - ‘ Standards • 
Z ！ I ii I ! ' ' m' ii i I ,,, 
,厂广 M , r- ^ 「 广Ti�: 
1 20.00 … — r J r … i r — , � — �S l o p e : -3.174 
•g 15 00 - - "" 
2 I I Y-lntercept: 41.386 
£ 10.00 - 、―丨十 I — " 卜 r S - II i ' 
H I Correlation 0.999 ： ‘ ‘- I 0.00 | J � 丨 丨 一 「 • I 「一丨丨 —— 一 I (——" "―,"ri ,yh 
… I 丨 ！; i 
-5.00 J~i i 11 milI I I millI I IImil~i i mini~i i imiii~i i mini~i i iiiiiii~i i 丨 iiiii、 
icri 10^ 2 icr3 itr4 icrs icr6 icr7 lo^ s 
starting Quantity 
Figure 2-11 Relative standard curves of zMT and p-actin gene. The curves were 
constructed with serial dilutions of zebrafish embryo c D N A sample as templates 
(calibrators). Calibrators and unknown samples are represented by filled black and red 
dots respectively. 
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2.3.2.2 Optimization of primer concentration 
For both of zMT and fi-actin, the quantity of final target amplicons increased 
gradually as primer concentration increased from 50 n M to 500 n M (Figure 2-12). 
Though P C R reaction with 500 n M primers (both zMT and p-actin) resulted in 
maxmium amout of final P C R products, strong formation of primer-dimers, however, 
were also observed in N o Template Control (NTC). 
Hence, after optimization, 250 n M of primers would be used in the quantification 
of both zMT and fi-actin m R N A , by real-time PCR. 
0.2 m m ^ i ^ ^ n 
Figure 2-12 PCRs contained 50, 100, 250 and 500 n M primers were carried out using 5 |il 
c D N A (calibrator tube D), with (Left) zMT and (Right) P-actin. Distilled water was used in 
No Template Control (NTC). The amount of target amplicons were analyzed with gel 
electrophoresis. 
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2.丄 2.5 Melting curve analysis for PCR specificity 
According to the dissociation curves, the real-time P C R conditions were 
optimized to a level with no non-specific amplification (Figure 2-13). The T m of P C R 
product amplifed by zMT and P-actin primer pairs were found to be 81.2。C and 81.6。C. 
There was no peaks in N T C indicated absence of any P C R contamination. 
2.4E-02  
O.OE+00  
in      
2.4E-02    
1.8E-02 ^ ^ 
12E�2 P-actin (81.6�C ) J \ 
O.OE+00 ^ -
70 80 90 
81.6 
4 . 0 E - 0 2 No Template Control (NTC) 
2 . 0 E - 0 2 
70 80 90 
Figure 2-13 Dissociatio curves of real-time P C R amplified (Top) zMT, (Middle) 
P-actin and (Bottom) N o Template Control (NTC). Each dissociation curve is the 
change of fluorescent change of S Y B R Green I fluorescence level, obtained during 
gradual heating of the resulted P C R products from 60 to 90 °C. A sharp fluorescence 
change was observed upon dsDNA dissociation at the distinct T m of P C R products. 
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2.2�3 Quantification ofzMT mRNA by Real-time PCR 
2.2.3.1 Relative zMT mRNA induction in zebrafish embryos at late epiboly (8 hpfi 
Fold induction of zMT mRNA level In zebrafish Fold induction of zMT mRNA level in zebrafish 
embryos (0 hpf) exposed to cadmium ion for 24h embryos (0 hpf) exposed to copper (II) ion for 24h 
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Figure 2-14 Real-time P C R results showing the zMT m R N A fold induction in zebrafish 
embryos at late epiboly (8 hpf) after 24 h-exposure to different metal ions at 25%，50%, 
75% and 100% of their corresponding 24h-LC50 value. Each value represents the mean 士 
S.D. of three replicates. 
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Metal induction of zMT mRNA in zebrafish embryos at late epiboly (8 hpf) 
exposed to different heavy metal ions at various concentration for 24 h 
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Figure 2-15 Real-time P C R results showing the relative zMT m R N A fold induction 
in zebrafish embryos at late epiboly (8 hpf) after 24-hour exposure to Cd^^, Cu^^, 
Hg2+, Zn2+ and HzOzat 25%, 50%, 75% and 100% of their corresponding 24h-LC50 
values. Each value represents the mean 土 S.D. of three replicates. 
Figure 2-15 shows the relative fold induction of zMT m R N A of zebrafish 
embryos at late epiboly (8 hpf) exposed to different metal ions, at various doses, 
compared to the reverse-osmosis water control. 
Significant induction of z M T m R N A was observed in CcP, Cu^^, Hg2+, Zn】. and 
hydrogen peroxide treated zebrafish embryos at late epiboly. Whereas, Hg2+ is among 
the most potent inducer of zMT m R N A in early developing zebrafish embryos. 
Dose-response relationship was observed in Hg treated group, which the z M T m R N A 
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induction increased gradually from 18-fold to over 50-fold in embryos exposed to 10% 
24h-LC50 (21.45 |iM and 100% 24h-LC50 of Hg^ "" (10.43 |liM) for 24 h respectively. 
2+ • 
Cd is the second most potent inducer of z M T m R N A in zebrafish embryos. 
zMT m R N A induction level increased from 12-fold to 23-fold when Cd^^ 
concentration increased from 10% 24h-LC50 and 25% 24h-LC50. However, zMT 
m R N A fold induction was reduced at high dose of Cd 10% 24h-LC50 and 100% 
24h-LC50 treatment. 
2+ 2+ 
Cu , Zn and H2O2 gave relative lower induction for approximately 5-fold, at 
100% 24h-LC50 of Cu^^ (5.160 iiM), 75% 24h-LC50 ofZn^^ (4584 jiM) and 25% 
24h-LC50 H202(134.5 | i M ) respectively. Similar to that in Cd^^, fold induction 
increased gradually with metal concentration at low dose, but reduced gradually with 
further increase in metal concentration. 
The induction potency of various heavy metal ions on z M r m R N A level is: 
Hg2+ > Cd2+〉Cu2+, H2O2 
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2.2.3.2 Relaitve zMT mRNA indention in zebrafish eleutherombryos (96 hpf) 
In comparison to embryos at late epiboly (8 hpf), Cd^ "^  (4.2-fold) and Zxi^ 
(3.7-fold) only showed slight zMT induction effect in eleutheroembryos (96 
hpf)(Figure 2-16). Cu r showed no significant induction on zMTmRNA transcription. 
Fold induction of zMTmRNA level in zebrafish eleutheroembryos 
(96 hpf) exposed to cadmium, copper and zinc ions for 24h 
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Figure 2-16 Real-time P C R results showing relative zMT m R N A fold induction in 
I I ) I 
zebrafish eleutheroembyro (96 hpf) after 24-hour exposure to Cd , Cu and Zn at 
25%, 50%, 75% and 100% of their corresponding 24h-LC50 values. Each value 
represents the mean 土 S.D. of three replicates. 
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2.2.3.3 Relative zMT mRNA induction in SJD. 1 cell line 
Fold induction of zMT mRNA level in SJD.l Fold induction of zMT mRNA level in SJD.1 
cell line exposed to cadmium ion for 24h cell line exposed to cobalt (II) ion for 24h 
300-j — j 5_i 1 
[ l l l l 丨 円 工 
。 i l l l i ; n l i 
10 25 50 75 100 10% 25% 50% 75% 100% 
24h.LC50 of Cd ion (%) 24h-LC50 of Co^ * ion (%) 
Fold induction of zMT mRNA level in SJD.1 Fold induction of zMT mRNA level in SJD.l 
cell line exposed to copper (II) ion for 24h cell line exposed to mercury ion for 24h 
25-1 17.5-|  
平 T 口^^ . 
I 15.0- _ _ 
20- I~ I r——^   
12.5- 1 ^ 1 ~ I ~ 
I § 
I 15- 1 mo- -T" 1 1 T r i 
! 10- I “ r-J-. n n 
5- —r— .. 
T t 2.5-
0- F^ ^ r^ . — — 00 
10 2 5 5 0 7 5 1 0 0 10% 25%v 50% 75% 100% 
24h-LC50 of Cu ton (%) 24h-LC50 of Hg ion (%) 
Fold induction of zMTwRHA level in SJD.1 Fold induction of zMT mRNA level in SJD.1 
cell line exposed to nicke! (•!) ion for 24h cell line exposed to lead (II) ion for 24h 
10-| 5-| j 
8- —p- 4' 
s ^ ^ i _ _ 
r- ^ T M T r T _ 
1 1 I I I I i n n l j i i i l l i l 
10% 25% 50% 75% 100% 10% 25% 50% 75% 100% 
24h-LC50 of Ni2+ ion (%) 24h*LC50 of Pb^^ ion (%) 
Fold induction of zMTmRNA level in SJD.1 Fold induction of zMTmRNA level in SJD.1 cell 
cell line exposed to zinc ion for 24h line exposed to hydrogen peroxide ion for 24h 
150-, j 3.0-,  
I 1 -7^2* 
^ r^ H^Oo 
125- ~T 2.5- - p 
1跡 m r�- rm 丁 
: i 剛 _ _ _ l l i i i l i 
10 25 50 75 100 io% 25% 50% 75% 100% 
24h-LC50 of Zn科 ton (%) LC^q 24h of hydrogen peroxide (%) 
Figure 2-17 Real-time P C R results showing the relative z M T m R N A fold induction in 
SJD. 1 cell line (zebrafish cadudal fin cells) after 24-h exposure to different metal ions at 
25%, 50%, 75% and 100% of their corresponding 24h-LC50 value. Each value represents 
the mean 土 S . D . of three replicates. 
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Metal induction of z/W7 mRNA in SJD/I cell line exposed to 
different heavy metal ions at various concentration, for 24 h 
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Figure 2-18 Real-PCR results showing the relative zMT m R N A fold induction in 
SJD.l cell line after 24 h-exposure to different metal ions at 25%, 50%, 75% and 
100% of their corresponding 24h-LC50 value. Each value represents the mean 土 S . D . 
of three replicates. 
In SJD. 1 cell line, treatment with cadmium and zinc caused a significant induction 
of z M T m R N A up to over 200-fold and 120-fold respectively at their 50% and 75% 
24h-LC50, which is 13.40 jiM of Cd^^ and 271A |aM of Zn〗. (Figure 2-18). Mercury 
and copper gave a moderate induction of 13-fold and 21-fold, at 100% 24h-LC50 of 
Hg2+ (29.50 ^ iM) and 25% 24h-LC50h ofCu^"" (75.00 iiM). 
I I  
Co and Ni were relative weak inducers of zMT gene transcription, which 
contributed to only 3.2-fold and 6.0-fold induction in z M T m R N A level in SJD.l cells, 
at their 50% of their corresponding 24h-LC50 values. 
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For SJD.l cells treated with lead and hydrogen peroxide, there was no significant 
induction observed, at all tested concentrations. The dose of heavy metal ions resulted 
in optimal zMT m R N A induction were in descending order: Cd^^ > Zn^^ > Cu^^ > 
Hg2+ > Co2+, Ni2+，Pb2+ and H2O2 
To determine the exposure time effect on in vitro zMT m R N A induction, SJD. 1 
cells were exposed to 10%, 25%, 50%, 75% and 100% 24h LC50 values of the three 
identified most potent in vitro zMT inducers Cd^^ and Zn^^ Cu^ "^  f or 24 and 48 h. 
Time course study in SJD. 1 cell line 
Both Cd and Zn resulted in greater zMT fold induction when the exposure time 
increased from 24 to 48 h (Figure 2-19). z M T m R N A reached 1675-fold and 512-fold 
when exposed to 75% (20.10 [iM Cd^^)and 100% (361.8 |iM Zn^ "") of their 
corresponding 24h-LC50 values. While for SJD.l cells with either 24 or 48 h copper 
treatment, there was no significant difference in z M r m R N A induction. 
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Figure 2-19 Real- time P C R results showing the relative zMT m R N A fold induction in 
SJD. 1 cell line (zebrafish cadudal fin cells) after 24 and 48 h exposure to Cd^^ and Zn^^ at 
10%, 25%, 50%, 75% and 100% of their corresponding 24h-LC50 value. Each value 
represents the mean 土 S . D . of three replicates. 
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2.2.2.3 In vitro zMTmRNA induction in ZFL cell line 
FoW induction of zMT mRNA level in ZFL ceRs exposed … t ^oma , - ^ 
to cadmium ion at various concentration for24h ^T mRNA "evelm ZFL cete exposed 
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Figure 2-20 Real- time P G R results showing zAdT m R N A fold induction in ZFL cell 
line after 24 h-exposure to different metal ions Cd^ "", Cu^^, Hg^^ and Zn〗. ions at 25%, 
50%, 75% and 100% of their corresponding 24h-LC50 value. Each value represents the 
mean 土 S.D. of three replicates. 
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Metal induction of zMT mRNA in ZFL cell line exposed to 
different heavy metal ions at various concentration for 24 h 
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Figure 2-21 Real-time P C R results showing the relative zMT m R N A fold induction 
in ZFL cell line after 24 h-exposure to different metal ions at 25%, 50%, 75% and 100% 
of their corresponding 24h-LC50 value. Each value represents the mean 土 S.D. of three 
replicates. 
) I [ 1 I I 
Cd , Cu , Hg and Zn resulted in significant induction of zMT m R N A in 
SJD.l cells, and were, hence, chosen for the study for their zMT gene inducibility in 
ZFL cell line (Figure 2-21) 
• • • 2+ 21 
Similar to the repsonse in SJD.l study, Cd and Zn are still the most potent in 
vitro inducers of zMT m R N A level in ZFL cells, after 24 h metal treatment. Cadmium 
and zinc induced zMT m R N A up to over 200-fold and 130-fold respectively at their 
100% and 75% 24h-LC50, which is 140.6 ^ M of Cd^^ and 257.9 ^ M of Zn^^. The 
exposure of ZFL to Cu〗— and Hg2+ ions for 24 h could also result in 87-fold and 60-fold 
z M T m R N A induction, ar 100% 24h-LC50ofHg (68.60 ^ M ) and Cu (308.1 ^ M). 
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2.4 Discussion 
To access the M T m R N A expression in zebrafish model system as a defined 
marker for the assessment of aquatic metal toxicity, a comprehensive understanding of 
the transcriptional regulation of M T expressoin and its molecular link with different 
heavy metal species is necessary. 
2.4.1 Change in metal sensitivity during zebrafish embryo development 
In the acute toxicitiy tests of various heavy metal ions, zebrafish at different 
develepmental stages exhibited different sensitivities to Cd^ "^  and Zn^+ions. For Cd 〗+ 
ion, embryos at late epiboly (241.4 |iM) and eleutheroembryo (52.9 jjJVQ showed at 
least an order much higher resistance than adult (1.314 |iM) in the both 24 and 96 h 
toxicity test. This relative high resistance to metal ions in early developing zebrafish 
* 21 
was also observed in embryos at late epiboly exposed to Zn ion. Embryos at late 
epiboly showed dramatical resistance (24h LC50 = 6112iiM) in acute chanllenge by 
Zn2+ ion, which is 100 times greater than that of adults. 
In fact, these chage in sensitivities in metal ions throughout larval development 
have also been observed in atlantic silverside {Menidia m en id id) (Middaugh and Dean, 
1977), girella (Glarella punctata), goby (Chasmichtys dolichognatlus)(Kmosh\mdi and 
Kimura, 1990), mummichog (Fundulus heteroclitus)(Midd2iugh and Dean, 1977), and 
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tilapia (Oreochromis mossambicus)(R^M2ing P.P., 1995). The higher resistance of C(f+ 
in zebrafish embryos at early stage was coherent with Hwang et al. that newly hatched 
tilapia larvae are less sensitivities to Cd^^ than are 3-day-old larvae (Hwang P.P., 1995). 
The change in metal sensitivities may due to different metal ion uptake efficiencies 
during early development of fish. Of course, the higher resistance in late epiboly 
embryos may also due to higher detoxification capibilities, for example, by M T . 
2.4.2 Developmental stage-specfic inducibility of zMT gene expression 
and metal toxicity 
Previous M T study in fish larvae suggested that the hypersesitivity of heavy metal 
ions in early larval stages of fish was correlated with a lack of inducibility of M T gene 
expression (George et al., 1996; W u et al., 2000). 
2+ 
In our study, Cd resulted in relative higher induction of zMT gene expression in 
late epipoly embryos (22.4-fold and 5.8-fold respectively) than eleutheroembryos 
(4.2-fold and 3.7-fold respectively). This suggests that one of the function of M T in 
developing embryos is detoxification of invading non-essential heavy metal ions, such 
as Cd2+. 
Such a developmetal-stage-specific zMT induction, however, was not observed in 
2+ 
Zn ion (5.8-fold in late epiboly embryos and 3.7-fold in eleutheroembryos). Zinc is an 
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essential metal, whose amount would affect gas exchange and cardiac rhythm in fish. 
Apart from regulation of M T , Zn^^ can be regulated by other metal homeostasis 
mechaism, such Zn ion transporter (ZnT-l)-mediated regulation of Zn^ "^  (Langmade et 
al., 2000) and glutathione (GSH) conjugation may share the metal burden of M T , and 
reduce the bioavailbility of free Zn^^ for z M T induction. 
. 2+ • 
Beside, H g is among the most toxic metal to zebrafish embryos at late epiboly 
(24h-LC50 = 10.43 [iM). Mercury chloride is a highly toxic metal salt, which s a potent 
neurotoxin that in high exposures can cause mental retardation, cerebral palsy, and 
seizures. The developing brain appears particularly sensitive to Hg2+. This explain the 
high mortality of developing embryos upon exposure trace amount of Hg2+. Hg2+ 
induced zMT gene expression dramtically (51.6-fold) in late epiboly embryo. The high 
I 
potency of H g in zMT indention have been documentated in previous studies 
(Morcillo and Santamaria, 1996; Waalkes and Klaassen, 1985). In fish M T study, 
O 1 
Cosson d emonstrated t he s trong M T i nduction p otency of H g in the g ills of carp 
(Cosson, 1994). The detoxification effects of Hg2+ by M T were shown important in the 
HgCh-meidated nephrotoxicity (Satoh et al., 1997). Generally, M T redeners mercury 
less toxic by binding to Hg2+ in cytosol reduce its bioavaibility in cells (Liu et aL, 1991; 
^ I 
Zalups et al., 1993). The Hg protective effects was further confirmed by mice study, 
which mice deficient in M T are more susceptible than controls to HgCli-induced renal 
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injury (Satoh et al., 1997). 
Apart from Hg2+, Cu^^ was also shown highly toxic to zebrafish embryos at late 
epiboly (24h-LC50 = 5.160 |iM). Though Cu^ "" is an essential metal, excess level of 
2+ 
Cu can cause cellular hyperplasia, vacuolization, and necrosis in the gill lamella. Cu^ "^  
exhibits weak induction effect o f zMT gene expression (6.15-fold). The weak zMT 
induction effect of C u^ "" i s coherent with previous study (Bremner, 1987). Probably, 
the lack of zMT inducibilities can explain the high sensitivity to Cu^ "^  in all 
developmental stages. Similar findings have been reportedby weak z M Tindcution 
2+ 
effect by Cu in rainbow trout, which is also highly sensitive to copper (De Boeck et al., 
2003). 
M T expression have been shown to be responsive to oxidative stress in mice 
(Andrews, 2000) and rainbow trout {Oncorhyncus 力(Olsson et al., 1995). H2O2 
is an oxidative stressor, and in our study, contributed to moderate induction (6.28-fold) 
on zMT expression in zebrafish embryos at late epiboly. This indicates M T may also 
involve in anti-oxidant protection during early development of zebrafish. 
2.4.3 In vitro zMT regulation by heavy metal ions 
Among the heavy metal ions tested, Cd^ "^ , Cu^^, Hg and Zxi^ ions exhibited the 
most cytotoxic effect, while Co〗—, Ni^^ and Pb^^ were found least cytotoxic, in both 
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SJD.l and ZFL. Cell lines. Compared to SJD.l, ZFL is more resistant to H2O2. 
Cd2+ and Zn^^ are potent zMT inducers in both SJD.l and ZFL cell line. Ccf" 
induced zMJexpression for for 234-fold in SJD.l at 13.4 iiM, and for 254-fold at 140.6 
jiM in ZFL. Though the maximal zMT induction in both cell lines were found similar, 
SJD.l was relative more sensitive for Cd^^-induced zMT expressoin at lower 
^ I 1 
concentration of Cd ions. For Zn，zMr expression was induced for 113-fold at 271.4 
|iM in SJD.l, and for 125-fold at 257.9|iM of in ZFL. The inducibilities ofzMThy Zn^ "" 
is similar in both cell llines. 
The maximal zMT inducibilities by Cu^^and Hg2+ were also found higher in ZFL, 
in comparison to SJD.L Similarly, zMTexpression was induced for 20.9-fold at 300.0 
[M of Cu2+ in SJD.l, and for 80.7-fold at 308.6|iM in ZFL. For Hg2+, zMJexpression 
was induced for 14.1-fold at 7.375|iM in SJD.l, and for 51.0-fold at 68.59 [iM in ZFL. 
Inboth cell 1 ines, dose-dependent induction effect was observed inzMTupon 
exposure to Cd^^, Cu�.，Hg and Zn^^. Furthermore, there is time course relationship in 
I I 
zMTinduction by Cd and Zn . In SJD.l, when exposure duration increased from 24h 
to 48h, the maximal relative zMT induction increased from 234- to 1675-fold by Cd^^, 
and from 113- to 512-fold by Zn^^. 
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2.4.4 The potential use of zMT expression as metal exposure biomarker 
In this chapter, metal-mediated transcriptional regulatoin of zMT gene have been 
studied in vivo and in vitro. The developmental stage-specific tolerance of Cd^ "^  and 
Zn were observed in zebrafish embryos at late epiboly, and this may due to the 
elevated metal detoxification capability, with elevated zMT inducibilities by the 
corresponding metal ions. 
The use of zebrafish embryos system for the toxicity accessment provides and 
alternative to researchers, which may therefore reduce testings with warm-blooded 
vertebrates, or juvenile and adult fish. In complementary to in vivo assay on zebrafish 
embryos, cell culture system provide a rapid, highly-controllable and relative 
inexpensive strategy to understand the specific toxicity mechanisms fo toxicants. 
To c onclude, t his s tudy shows t hat r eal-time P C R a ssay w ith d etection of t he 
products using S Y B R green I is reliable, relatively sensitive, and easy to perform for 
routine molecular analysis。The protocol of S Y B R Green-base real-time P C R for 
quantification of zMTtranscripts in different tissues has been established and optimized 
in this study. The zMT induction potency of various metals were well demonstrated in 
zebrafish embryos and cell lines, with a general dose-dependent and time course 
relationship. 
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The use of zMT m R N A level as a molecular biomarker provides a sensitive, 
physiologically based method of determining the bioavaibility of heavy metal ions to 
aquatic organisms. 
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Chapter 3 Functional analysis of a cloned zMT-II gene promoter 
in zebrafish cell-lines: SJD.l and ZFL 
3.1 Zebrafish MT gene promoter 
3.1.1 The structure of zMTpromoter 
As discussed, M T expression is inducible by various metal ions and has 
differential pattern of expression in different tissues or cell type. Diverse responses to 
metal inducers are mediated by a variety of regulatory elements, including the 
d f acting elements in the 5'flanking regulatory sequence and many trans-diCimg 
cellular factors that are crucial for metal-induced gene transcription (Hamer, 1986). 
The multiple copies of cz^ -acting metal regulation D N A sequences, which are 
known as metal responsive element (MREs), are present in multiple imperfect copies, 
with a highly conserved core sequence 5，-TGCRCNC-3’ (R is purine and N is any 
nucleotide). T he M R E s are present in different orientations and act as binding targets 
for the transcription activating protein factor (MRE-binding transcription factor-1, 
MTF-l)(Brugnera et al., 1994), in regulating the basal and metal induced M T gene 
expression (Heuchel et al, 1994). Previous study suggested Zn^^ and other metal ions 
are capable to induce M T expression via MTF-1 (Andrews, 2001; Bittel et al., 1998). 
Results from LaRochelle demonstrated that MTF-1 would be activated by 
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phosphorylation, after the administration of Cd^ "" and Zn^^ ions (LaRochelle et al., 
2001). 
3 丄2 Functional analysis of cloned zMT-II promoter region in HepG2 cells 
In previous study by Yan, the zebrafish M T gene promoter was isolated from a 
local zebrafish and characterized in HepG2 cells (Yan and Chan, 2004). The A/T 
promoter region (Figure 3-1) was found homologous to the piscine MT-II gene 
promoter, which contains four metal responsive elements (MREs), three API and one 
Spl binding sites. 
The zMT-II gene promoter was cloned into the pGL-3 Basic luciferase construct to 
assay for its transcription activity upon exposure to various metal ions at their 
corresponding 0%, 25%, 50%, 75% and 100% 24 h-LC50 values in transiently 
transfected HepG2 cell line. A dose-dependent (Figure 3-2) and time course effect 
(Figure 3-3) of z M T induction by Cd^^, Cu^ "", Hg2+ and Zn2+ was observed. However, 
Ni2+, Co2+, Pb2+ and H2O2, did not show any induction of the zMT-II gene promoter 
transcription activity as tested in HepG2 cells. Whether these chemical agents would 
have similar effects on the zMT-II gene promoter in zebrafish cell-lines remained to be 
investigated. 
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Figure 3-1 The nucleotide sequence of the 5'flanking region and genomic 
fragment of zebrafish M T gene. The translation start site is designated as +1. The 
negative numbers indicated upstream sequence relative to the translation start sites. 
Three exons are denoted by U P P E R C A S E letters. The putative transcription 
factor-binding sites are indicated (Yan and Chan, 2004). 
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Figure 3-2 Transcription levels of luciferase reporter gene expression for HepG2 
cells transfected with zMT/Fl-Luc constructs after various metal treatments. Different 
doses of Cd2+, Cu2+, Pb^^, Hg2+, Ni^^, Zn〗. and H2O2 corresponding to 0%, 25%, 50%, 
750/0 and 100% of their 24h-LC50 values were used. Each value represents the mean 土 
S.D. of three replicates (Yan and Chan, 2004). 
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Figure 3-3 The time course effect for treatments of Cd2+, Cu2+, Hg2+, and Zn^^ on 
luciferase reporter gene expression in HepG2 cells transfected with zMT/Fl-Luc 
construct. (Metal concentrations previously achieved maximal zMT induction in 
Figure 3-1 were used.). Each value represent the mean 土 S.D. of three replicates (Yan 
and Chan, 2004). 
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To identify cw-acting elements which are important in metal-mediated zMT 
transcriptional regulation, deletion mutant of the zMT-II promoter region were 
prepared from PCR, strategically removing successive putative regulatory element 
(Figure 3-3), and cloned into pGL3-Basic luciferase construct and analyzed in HepG2 
cells by transient transfection. From the results (Figure 3-4), the distal M R E (MREd) 
was shown crucial in mediating metal inducibility, while the proximal M R E S did not 
provide significant contribution to metal induction of zMT gene in HepG2 cells. In 
conclusion, the previous data suggested the cooperative effect of at least three M R E s 
were necessary for the metal induction. 
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Figure 3-4 The schematic diagram showing the structure of the zMT-II 
promoter-luciferase deletion series that depicting the location of the putative 
transcriptional factor binding sites，and the analysis of the corresponding P C R 
products by gel electrophoresis (Yan and Chan, 2004). 
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Figure 3-5 The relative normalized luciferase activities of HepG2 cells transiently 
transfected with each zMT-II promoter-Luc deletion construct after 12-hour exposure to 
22.5 //M Cd2+, 33.7 /zM C u ^ 52.5 fiM Hg^"and 120 /zM Zn^^ and no additional 
metal ions are presented as the mean of three replicates 土 S.D.. 
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3.1.3 Specific aims of this chapter 
In previous study of transcriptional regulation of zebrafish M T gene, the zMT-II 
gene promoter region was isolated from local zebrafish and characterized in a 
heterologous human cell line, HepG2，in which Cd^^ and Zn^^ were identified as 
potent inducers of zMT gene transcription. 
In this study, homologous cell lines, SJD.l and ZFL from zebrafish were used for 
the functional analysis of zMT-II gene promoter, so as to investigate the differential 
responses of the promoter in different cell type, under various metal treatments. The 
study of zebrafish M T gene promoter and its biological responses to metal ions would 
help access the use of M T as a bioindicator of heavy metal exposure in water, and the 
study of metal intoxication in fish. Beside zebrafish M T , the zebrafish cell-lines 
would also be u seful m odels of zn vitro t oxicological s tudies o f m etal pollution o r 
environmental pollutants in general. The LC50 values of various metal ions would be 
tested prior to the functional analysis of the zMT-II gene promoter in the zebrafish 
cell-lines. 
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3.2 Materials and Methods 
3.2.1 General molecular biology techniques 
Preparation of Escherichia coli competent cell 
Permeablized E. coli (competent cells) were prepared by inoculating single 
colony of E. coli, strain D H 5 a , in C G medium (Molecular Biology Certified 
Bacterial Growth Media, BIO 101, Inc) from frozen stock until O.D.goo reached 0.25 
to 0.4. Cells were chilled on ice for 5 mins and then collected by centrifugation at 
6000 rpm for 10 mins at 4 Cell pellet was then gently resuspened in 20 ml ice-cold 
sterile filtered Ca^Vglycerol buffer (60 m M C a C l�，1 0 m M Pipes, 15% glycerol). 
Cells were pelleted by centrifugation at 6000 rpm for 10 mins at 4 followed by 
gently resuspending in ice-cold sterile filtered Ca^^/glycerol buffer and incubation on 
ice for 30 mins. Cells were collected by centrifugation at 6000 rpm for 5 mins at 4 °C, 
resuspended in 5 ml of Ca^Vglycerol buffer, dispensed into 100 1 aliquots, snapped 
freeze in liquid nitrogen, and stored at -80 until use. 
Replication of DNA vector in E.coli 
E. coli competent cells (DH5 a) were thawed on ice, mixing with the circular 
plasmid D N A , subjected to heat shock at 42 for 90 sec, chilling for 5 mins, and 
recovering at 37 °C for 45 mins with sterile C G medium. 
78 
；<： :>••：- > < ::‘\ .::. :、： •  v V ••. ..-•. •；^•., ...... .......... ::: .... ... ... .. ；： •  ;；: •:.. :-： .y -".vv .......... 
、、.:‘:.‘,5:.‘:、:.,、、‘•‘,.;:、、、 II t,：；^. r<| III ：；：> f. g f III 1 1 1 1 1 li g； 11 .v. I IP 611.1 分 /'I” I' 
Plasmid DNA Preparation 
In a small-scale plasmid D N A preparation, distinct single colonies of 
plasmid-bearing cells were grown in 200 ml of C G medium with appropriate antibiotic 
and shaked at 37 for 16 h. Cells from 200 ml of the culture were h arvested by 
spinning at 7500 g, for 5 min. All constructs for transfection use were prepared in large 
quantity by C O N C E R T ™ Rapid Plasmid Maxiprep System (GibcoBRL) according to 
the manufacturer's instructions. 
3.2.2 Cell culture 
SJD.l cell line (ATCC# CRL-2296) 
SJD.l is a fibroblast cell line derived from amputated caudal fins of an adult 
zebrafish, strain SJD, which has been used for genetic mapping. It was maintained in 
incubator at 28。C, with 5 % CO2 in Dulbecco's modified Eagle's medium ( D M E M ) with 
4 m M L-glutamine and 4.5 g/L glucose (GIBCO 12100), supplemented with 15% 
heat-inactivated fetal bovine serum (FBS) and 1% penicillin-streptomycin. 
The cells should be subcultured on confluent, by removing the medium, followed 
by the rinsing with trypsin (0.25%)-EDTA (0.03%)-polyvinylpyrrolidone (0.5%) 
solution. Then, 1-2 ml additional trypsin solution would be added and the flasks would 
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be allowed to sit, at room temperature, until cells detached. Finally, fresh culture 
medium would be added, aspirated and dispensed into new culture flasks at 1:3 ratio for 
further propagation. 
ZFL cell line (ATCC# CRL-2643) 
ZFL cells were derived from normal adult zebrafish liver, and have been growing 
in culture for more than 100 generations. It was maintained at 28°C in incubator, and 
in growth medium containing 50% Leibovitz's L-15 medium with 2 m M L-glutamine 
(Vitacell 30-2008), 35% D M E M with 4.5 g/L glucose and 4 m M L-glutamine 
(GIBCO 12100), 15% Ham's F12 with 1 m M L-glutamine (GIBCO 21700), and 
supplemented with 0.15 g/L sodium bicarbonate 15 m M HEPES, 0.01 mg/ml insulin 
(Sigma # 1-1882), 50 ng/ml, epidermal growth factor (EGF) and 5 % heat-inactivated 
FBS. 
Metal solution preparation 
Metal salts at reagent grade (CdCl�，C0CI2, CUCI2, NiCl�，Pb(N03)2, Z n C y were 
purchased from Sigma and dissolved in double distilled water as metal stock solutions 
at concentration of 100 m M of metal ions, while hydrogen peroxide was prepared 
freshly before the experiment. The stock solutions were then sterilized by syringe 
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0.22 [1 m filter and stored at 4。C refrigerator. Metal stock solutions were diluted with 
fresh medium to proper concentration for experimental uses. 
3.2.3 Transient tranfection assay 
Cationic liposome-mediated transfection 
Cells were transfected by the LipofectAMINE method (Invitrogen) according to 
the manufacturer's instructions with optimized amount of lipofectamine reagent, 
PLUS reagent, constructs and normalization vector D N A . 
Transfection was done in 24-well culture plate, with 2 x 10^ cells seeded in each 
well. Each D N A construct (0.2 /z g) was co-transfected with p R L - C M V (Promega) for 
normalization, at 10:1 and 1:1 ration in SJD.l and ZFL cell lines respectively. 
Meanwhile, p GL3-Baisc (Promega) and p GL3-Control (Promega) w ere i ncluded i n 
the transfection assay as negative and positive control respectively. 
Immediately after transfection, metal treatments were carried out with growth 
medium, containing different doses of aqueous heavy metal ions and hydrogen 
peroxide. Finally, treated cells were harvested with Passive Lysis Buffer (PLB) 
(Promega), for luciferase activity measurement. 
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Heavy metal and hydrogen peroxide treatments 
The optimal doses for each treatment to induce zMT gene transcription were 
tested in SJD.l and ZFL cell lines transfected with zMT/Fl-Luc with 24 h treatment. 
25%, 50%, 75% and 100% 24 h-LC50 values (Table 3-1) of corresponding treatments 
in each cell line would be administrated. 
Table 3-1 The LC50 values of different treatments on SJD.l, ZFL and HepG2 
cell line for 24 h. 
LC50-24h values (//M) 
Cadmium ( O f ) 26.8 140.6 29.4 
Cobalt (Co'') ~ 564.4 2305.0 78 
Copper (Cu'') 300.0 308.1 46.3 
Lead (Pb'') — 4288.0 2887.0 71.6 
Mercury (Hg Q 29.5 64.7 
Nickel (Nf) — 18392.2 2957.0 4549.3 
Zinc (Zn'O — 361.8 343.8 161.1 
H2O2 9.46| 271.71 1.46 
For treatments that can induce zMT-II gene transcription, time course study was 
also carried out, with the optimal doses of treatment that can induce zMT-II gene 
expression at maximal, to determine optimal exposure duration achieving maximum 
induction. 
The functional characterization of zMT-IIpromoter was carried out in SJD.l and 
ZFL cell lines transiently transfected with each of the seven deletion mutant 
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constructs {zMTIVl to zMT/¥l) (Figure 3-4), followed by the administration of 100% 
24 h-LC50 of Cd2+ (26.8//M), 75% 24 h-LC50 of Zn2+ (271.4//M) and 50% 24 
h-LC50 of Hg2+(14.8//M) in SJD cells, and 75% 24-LC50 of Cd^^ (105.5//M) and 
Zn2+ (257.9//M) in ZFL. 
Measurement of luciferase activity 
To determine the direct gene transcription ability of the cloned zMT 5'-flanking 
region, the Dual-Luciferase Reporter Assay System (Promega) was employed. The 
Firefly luciferase activity (zMT promoter) and Renilla luciferase activity 
(normalization) were measured by the Lumat LB 9501 luminometer. The assay was 
carried out with only half the volume of reagents recommended in the technical 
manual. To normalize the experimental differences, such as transfection efficiency 
and cell viability, "relative luciferase activity" was determined by dividing the Firefly 
luciferase activity of zMTP-luc, by their corresponding Renilla luciferase activity. 
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3.3 Results 
3.3.1 Metal responsiveness of zMT-IIpromoter by transient transfection 
Optimization conditions for metal induction studies 
The metal induction ability of the cloned zMT-II promoter was accessed by 
transient 1 uciferase gene expression assays i n SJD. 1 and ZFL c ell 1 ines exposed t o 
various concentrations corresponding to 0%, 25%, 50%, 75% and 100% of their 24 
h-LC50 L C values. 
Metal induction of zMT-IIpromoter transcriptional activity in SJD. 1 cell line 
In SJD.l cells (Figure 3-6), treatment with 100% 24 h-LC50 of Cd2+ (26.8/zM) 
and 75% 24 h-LC50 Zn^ "^  (271.4//M) induced transcription activity of z M T promoter 
significantly up to 9.7-fold and 5.9-fold respectively, and 50% 24 h-LC50 of Hg2+ 
(14.8 以 M ) gave moderate induction of 3.1-fold. The zMT promoter was not 
responsive significantly to Co'. (2.0-fold), Cu'"" (2.2-fold), Ni'"" (2.2-fold), Pb'^ 
(1.6-fold) and H2O2 (1.6-fold). In the time course study (Figure 3-7), Cd^^, Hg2+ and 
Zn2+ ions induced zMT-II promoter transcription activity rapidly, starting from 3 h, 
and reached maximum level at 24 h. 
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Hence, optimal zMT-II promoter induction of luciferase activities in SJD. 1 cells 
was resulted by exposing cells to 100% 24 h-LC50 of C c P (26.8/zM) and 75% 24 
h-LC50 Zn2+ (271.4//M) and 50% 24 h-LC50 of Hg2+ (14.8//M) for 24 h. 
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Figure 3-6 Transcription levels of luciferase gene expression for SJD. 1 cells 
transiently transfected with zMT-Fl-luc construct after various metal treatments. 
Different doses of Cd2+, Cu^^, Hg2+ and Zn^^ corresponding to 0 % 25%, 50%, 75% 
and 100% of their LC50 values for 24 h were used. Each value represents the mean of 
土 S.D. of three replicates. 
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Figure 3-7 The time course effect of A) Cd^^, B) Hg2+ and C) Zn^^ ions on 
luciferase reporter gene expression in SJD.l cells transiently transfected with 
zMT-Fl-Luc construct. Each value represents the mean 士 S.D. of three replicates. 
Metal induction of zMT-IIpromoter transcriptional activity in ZFL cell line 
2+ o j 2+ 
In SJD J cells, Cd", Cu么卞，Hg' and Z n " 
were among the most potent inducers 
for zMT-II promoter transcription, and tested in ZFL cells, at a 24 h-exposure (Figure 
3-8). Similarly, significant zMT-//promoter induction was achieved in the presence of 
75% 24 h-LC50 of Cd^^ (105.5/zM at 5.17-fold) and Zn 2+ (257.9/zM at 4.04-fold) 
for 24 h. 50% 24 h-LC50 of Cu〗.(154.1 //Mat 2.91-fold), 75% 24 h-LC50 (51.5/zM) 
of Hg2+ (2.20-fold) only induced the transcription activity of zMT-II promoter 86 
moderately. Optimal duration for exposure, which resulted in maximal zMT promoter 
induction, was then determined with the optimal doses for Cd^^, Cu^^, Hg2+ and Zn^^. 
Metal responsiveness of zMT-IIpromoter in ZFL cell line 
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Figure 3-8 Transcription levels of luciferase gene expression for ZFL cells 
transiently transfected with zMT-Fl-luc construct after various metal treatments. 
Different doses of Cd2+, Cu^ "", Hg2+ and Zn〗. corresponding to 0 % 25%, 50%, 75% and 
100% of their LC50 values for 24 h were used. Each value represents the mean of 土 S.D. 
of three replicates. 
In time course study, luciferase expression increased gradually from 3 h to 9 h, and 
remained maximal expression at 12 to 24 h (Figure 3-9). After optimizing conditions for 
zMT-II promoter functional analysis, still, 
Cu2+ and H22+ 
could only achieved in 
approximately 2-fold induction, which were not chosen in the following deletion analysis 
of zMT-//promoter in ZFL cells. Instead, 75% 24 h-LC50 of C c P (105.5 //M) and Zn 2+ 
(257.9 jjL M ) would be used in the deletion analysis, at duration of 24 h. 
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Figure 3-9 The time course effect of Cd〗., Cu〗., Hg2+ and Zn〗. ions on luciferase 
reporter gene expression in ZFL cells transiently transfected with zMT-Fl-Luc 
construct. Each value represents the mean 土 mean of three replicates。 
3.3 2 Deletion analysis 
3.3.2 J Deletion analysis of zMT-II gene promoter in SJD.l cell line 
According to the deletion mutant analysis results (figure 3-10), elimination of 
M R E d (zM7P/F2) rendered the loss of 71%, 61% and 73% of the induction by CcP, 
1 丄 1 丄  
Hg and Zn ions respectively (Table 3-2). While removal of 3API binding sites 
(zM7P/F3) did not significantly affect the metal inducibility of zMT transcription 
activity. Deletion of M R E c (zMZT/F4) abolished the metal inducibility of zMT-II 
promoter by Cd�.，Hg2+ and Zn〗.. In zMT/FS-Luc constructs, removal of Spl sites 
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wiped out the zMT-//promoter activity. Finally, further removal of M R E b (zM7P/F6) 
and M R E a (zMZP/F7) did not affect the metal inducibility of zMT-//promoter. 
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Figure 3-10 The relative luciferase activities of SJD.l cells transiently transfected with 
/•> I 
each zMT-II promoter-luc delection construct after 24 h exposure to 26.8 /zM Cd , 14.8 
^ I I 
/zM Hg ,271.4 /zM Zn and no additional metal ions are presented as the mean in 
triplicate experiment 士 S.D.. 
Table 3-2 Fold induction of zMT-II promoter in zMT-Luc transiently transfected SJD. 1 
cells exposed to 26.8 |iM Cd^ "", 14.8 jiM Hg2+, 271.4 |iM Zn2+ relative to no metal control. 
Fold induction was calculated by the relative luciferase activity of each deletion mutant 
exposed to different metal ions, divided by no metal control. 
zMT fold induction 
Cd2+ Hg2+ Zn2+ 
~ F1 10.06 2.51 5.35 
— F 2 2.90 0.98 2.34 
— F 3 1.57 1.10 2.00 
— F 4 0.93 1.15 
—F5 0.68 0.75 0.75 
— F 6 6?M 0.96 0.87 
一 F7 1.07| 0.861 1.04 
89 
3.3.2.2 Deletion analysis of zMT-II gene promoter in ZFL cell line 
Full length zMT-II promoter was induced significantly by Cd〗. (6.0-fold) and 
2+ 
Zn (4.5-fold) ions in ZFL cells, after 24 h exposure. Similar to the results obtained 
in SJD.l cells, deletion o f M R E d (zMZP/F2) greatly reduced the inducibility of C c P 
and Zn2+ by 60% and 67% respectively (figure 3-11, Table 3-3). Elimination of SAP 1 
binding sites (zMTPfF3) posed no effects on the metal inducibility of zMT 
transcription activity. The metal inducibility of zMT-II promoter was, nonetheless, 
almost abolished with the removal of M R E c (zM7P/F4). Basal activity of the 
promoter was then further wiped out with the deletion of Spl in zMr/F5-Luc 
construct. Removal of sequence containing M R E b (zMZP/F6) and M R E a {zMT?f¥l) 
did not affect the metal inducibility of zMT promoter. 
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Figure 3-11: The relative luciferase activities of ZFL cells transiently transfected 
with eachzMT-IIpromoter-luc delection construct after 24 h exposure to 105.5 jiM 
Cd2+, and 257.9 (JL M Zn〗. and no additional metal ion. Each value represents the 
mean in triplicate experiment 土 S.D.. 90 
Table 3-3 Fold induction of zMT-II promoter in zMT-Luc transfected ZFL cells to 
2 I 2 I 
105.5 /iM Cd and 257.9//M Zn relative to no metal control. Fold induction was calculated 
by the relative luciferase activity of each deletion mutant exposed to different metal ions, 
divided by no metal control. 
zMT Fold induction 
“Cc f Zn'' 
F1 ‘ 5.99 4.50  
F2 一 2.38— 1.49  
F3 一 2.14— 1.20 
F4 “ 1.41 一 1.29 
F5 0.53 — 0.48 
F6 0.49 0.51 
F7 0.59| 0.18 
3.4 Discussion 
3.4.1 Structure of zMT-II gene promoter 
To characterize the transcription regulation of metallothionein gene, a 
835bp-long zMT-II promoter was isolated from a local strain of zebrafish (Danio 
rerio). As in all promoters in vertebrates, the isolated zMT-II gene promoter shows a 
high level of conservation in having two or more M R E s with typical consensus 
sequence (5，TGCRCNC 3')(Zafarullah et al., 1989), which confers to metal 
responsibility of the promoter (Culotta and Hamer, 1989). Though the typical M R E s 
consensus sequence (5' T G C R C N C 3') is highly conserved in mammalian and teleost, 
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the number of M R E s differs among different species (Figure 3-12). Stuart and his 
research group suggested that the capability of M R E s in transcriptional regulation 
might depend on their relative arrangements to one another, and to the transcription 
start sites (Stuart et al., 1985). 
In zMT-II promoter, there are four M R E s that organized into two clusters (Figure 
3-3) two cluster, with three in the proximal clusters within 100 bp from the 
transcriptional signal and one in the distal cluster about 740 bp from the transcriptional 
signal. This dual cluster arrangement of M R E s is an unique feature in teleost, with the 
second distal M R E cluster 500-800 bp upstream from the transcription start sites 
(Olsson et al., 1995). Previous studies in teleost M T genes suggested that the presence 
of both proximal and distal M R E s is necessary for maximal metal responsiveness of the 
M T promoters (Olsson and Kille, 1997; Samson et al., 2001; Scudiero et al., 2001; Yan 
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Figure 3-12 Schematic representation of the location of putative cw-acting 
regulatory elements in relation to the transcription start site from teleost and human 
M T gene promoters. Where the location of regulatory elements are in relation to the 
start codon from zebrafish M T gene promoter. The extent of sequence currently 
analysed is represented by the length of each line. API: Activator protein 1; M R E : 
Metal Responsive Element; NF-IL6: nuclear factor-Interleukin 6; Spl: Specific 
protein 1; GRE: glucocorticoid response element. ARE: antioxidant response element 
(Zafamllah, et al, 1988; Samson，et al, 2001; Kille, et a., 1993; Chan, 1996; Yan and 
Chan，2002; Scudiero, et a., 2001; Culotta, et a., 1989). 
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3.4.2 Metal responsiveness of zMT-IIpromoter 
In understanding zMT gene regulation, transient transfection was an efficient 
way to investigate the transcription inducing effect of various metal ions, in two 
homologous cell line, SJD.l and ZFL cells. Among the test metal ions, Cd2+ and Zn^^ 
were the most potent inducers to zMT-II promoter in both cell lines with 9.7- and 
5.9-fold respectively in SJD.l and 5.2- and 4.0-fold in ZFL respectively. 
Besides, Cu and H g ions contributed to only moderate induction to zMT-II 
promoter in both SJD.l (2.2-and 3.1-fold respectively) and ZFL (2.9- and 2.2-fold 
respectively). However, there was no significant induction of zMT promoter 
transcription activity in cells exposed to Co2+, Pb^ "^ , Ni^ "^  ions and H2O2. The induction 
pattern of zMT-II promoters in SJD. 1 and ZFL cell lines are similar to the previous 
study in HepG2 cells (Yan and Chan, 2004), in which Cd�.，CV., Hg2+ and Zn^ "" ions 
increased the zMT-II promoter transcription activity by 7.7-, 1.9-, 1.3- and 39-fold 
respectively. 
The slight difference in fold induction to zMT-II promoter may due to cell-specific 
metal ion metabolisms. According to the in vitro metal responsiveness of zMJpromoter 
2+ 2+ 
in three different cell lines, to conclude, Cd and Zn are the most potent inducers 
while Cu2+ and Hg2+ are relative weak inducers of zMT expression. 
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3.4.3 Deletion analysis of zMT-II gene promoter 
In the deletion mutant analysis in both SJD.l and ZFL cells, the presence of 
M R E d in the distal cluster is necessary for maximal metal inducibility of zMT-ll 
promoter. Further deletion of M R E c , in the proximal cluster, abolished the remaining 
metal inducibility of zMT-II promoter, suggesting that it might work cooperatively 
with M R E d for the metal responsiveness. The remaining M R E b and M R E a 
distributed in the proximal cluster showed no contribution to metal inducibility. The 
results may indicate synergistic effect between multiple M R E s in regulating gene 
transcription. Stuart et al reported that synthetic effect between multiple copies of 
M R E s would be necessary for efficient metal induction of mouse MT-1 gene 
expression (Stuart et al., 1985). 
Apart from the MREs, removal of API sites did not significantly render the metal 
responsiveness of zMJ-//promoter in SJD.l and ZFL cells. This may indicate that API 
does not play a crucial role in metal regulation of zMT-//promoter. In rainbow trout, the 
distal AP-1 elements was suggested to play a role in vitro free radical responses of the 
gene (Olsson et al., 1995). This was demonstrated by some very minor induction by 
H2O2 (1.4-fold) of zMT-IIpromoter, in a heterologous cell line, HepG2 (Yan and Chan, 
2004); opposing to the inertness in the two homologous cell lines in our study, SJD.l 
and ZFL cells. Probably, this may due to differences in cells in oxidative stress 
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sensitivity and alternative protective mechanism. 
In the deletion analysis, the promoter without Spl sites wiped out the basal 
promoter activity. Spl sites has been proposed to play a role in maintaining the basal 
level of rat MT-1 gene (Andersen et al., 1987), and human MT-IIA gene (Koizumi et al, 
1999; Lee et al, 1987). 
In conclusion, the zMT-II gene promoter contained four putative M R E s in dual 
clusters arrangement, 3 AP-1 and 1 Spl transcriptional factor binding sites, and a TATA 
box. The zMT-IIpromoter was tested functional in two different homologous cell lines, 
SJD. 1 and ZFL cells. A similar induction pattern of zMT-IIpromoter was found in both 
21 2+ 21 
cell lines, with Cd and Zn were the most potent in vitro inducers, while Cu and 
) 1 I ^ I ^ I 
Hg were relative weak in vitro inducers. It was found that Co , Ni , Pb and H2O2 
showed no induction to zMT-II promoter in both cell lines tested. Results in deletion 
mutant analysis suggested that M R E d i s crucial in the m etal inducibility o f zMT-II 
promoter. To achieve a maximal metal inducibility of zMT- promoters in both cell lines, 
all four M R E s are necessary to work cooperatively in the transcriptional regulation. 
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Chapter 4 Transgenic zebrafish model for in vivo zMT 
gene regulation study 
4.1 Introduction 
4.1.1 Development of transgenic fish 
Though transgenic organisms have been produced since the 1980s, the successful 
production of transgenic fish was only accomplished by last decade, in the early 1990s 
(Chen and Powers, 1990). Transgenic fish studies have been carried out in a range of 
fish species, including atlantic salmon (Saimo salar, (Hew et al.，1992), tilapia 
{Oreochromis sp.\ (Maclean et al., 1992)，Japanese medaka {Oryzias latipes;(Lu et al, 
1992)), channel catfish {Ictalurus punctatus; (Dunham et al., 1992), goldfish 
{Carassius aurata; (Wang et al., 1995), trout {Onchorynchus mykiss\ (Guyomard et al., 
1989) and, zebrafish {Danio rerzo;(Stuart et al., 1990). Generally, the choice of fish 
species depends on the purpose of the study. For aquaculture use or as a bioreactor, 
large species such as atlantic salmon would be more suitable. To establish a fish model 
for b asic researches o r applied s tudies, fish s pedes w ith s mailer s ize, for i nstance, 
zebrafish, would favour easy maintenance in laboratory with limited spaces. 
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4.1.2 The principle of gene delivery 
Nowadays, a number of gene transfer strategies can facilitate the delivery of 
heterologous D N A (transgene) into the nucleus of a target cell, where integration into 
the host genome takes place. Gene delivery techniques that have been successfully 
applied in zebrafish include micro-injection (Stuart et al., 1988), electroporation 
(Muller et al., 1993), and sperm-mediated gene transfer (Muller et al., 1993). Among 
these methods, microinjection and electroporation are the most common and preferred 
strategies. 
Microinjection is widely used in transgenic studies, and is the most effective 
method of gene transfer in higher vertebrates. Heterologous D N A is directly injected 
into the male pronuclei of fertilized eggs, which are too small to be invisible in fish. 
Moreover, while fish embryos of most species undergo their first cell division in half an 
hour to several hours after fertilization, which limits available time for microinjection. 
Usually, well-trained personnel can inject 50 to 1000 eggs per hour. Despites its high 
effectiveness in gene transfer, microinjection requires expensive apparatus, and it is 
relative tedious, time-consuming, labour intensive in handling large number of 
fertilized eggs in the production germline transgenic fish. 
Electroporation temporarily permeablizes cell membrane, by a serie of short 
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electric pulses, allowing the delivery of heterologous D N A into the cells. Since it takes 
only few seconds to handle hundreds of fish eggs in a single electroporation, this 
method has been shown to be among the most effective in the production of a range of 
transgenic fish (Inoue et al., 1990), such as African catfish {Clarias gariepinus), 
common carp (Cyprinus carpio), medaka (Ozyzias latipes) and zebraifhs (Danio 
rerzo)(Inoue et al., 1990; Lu et al, 1992; Muller et al, 1993; Powers et al., 1992). 
Electroporators are commercial available, such as Gene pulser (Bio-Rad), Beakon 2000 
(Beakon Co.) and B T X series (BTX) with relative low starting costs. Compared to 
microinjection, electroporation seems to be an ideal strategy in transgenic fish 
production for its effectiveness, high-throughtput and simplicity. 
4.1.3 The application of transgenic zebrafish model 
Promoter analysis and reporter genes 
In zebrafish, the translucent embryo and its rapid development make it an 
excellent model in developmental biology and gene promoter study. In promoter 
analysis, to aid the observation of spatial and temporal promoter activity in transgenic 
zebrafish, reporter genes would usually be fused downstream. For example, 
P-galactosidase (for X-gal assay)(Bayer and Campos-Ortega, 1992), chloramphenical 
acetyltransferase (CAT), luciferase (Muller et al., 1993), a nd green fluorescent protein 
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(GFP)(Bayer and Campos-Ortega, 1992) have been used as reporter genes in transgenic 
zebrafish. 
GFP is among the only reporter gene requires no substrate and no manipulation of 
embryos during measurement, which brings least interference to the experiment. The 
translucent zebrafish embryos are ideal for real-time monitoring of temporal and spatial 
gene expression during embryonic development. For example, the use of GFP in recent 
transgenic zebrafish studies include, the analysis of GATA-1 promoter in erythroid cells 
development (Meng et al., 1999), visualization of cranial motor neurons {Islet-1 
promoter; (Higashijima et al., 2000), rod photoreceptor development (rod-opsin gene 
promoter;(Hamaoka et a 1., 2002) and identification ofneuro-developmental defects 
induced by (TCDD) dioxin (Hill et al., 2003). In last year, The National Aeronautics 
and Space Administration (NASA) in the US, has launched a project to investigate the 
effect of micro gravity on gene expression during the development of heart in embryos, 
using a GFP transgenic zebrafish model (Gillette-Gerguson et al., 2003). 
In our study, to further investigate in vivo regulation of zMT gene upon heavy 
metal ions during different developmental stages of zebrafish, the use of transgenic 
zebrafish model would be an ideal strategy. 
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4.1.3 S pecific aim of this chapter 
To study the in vivo regulation of zMT gene by heavy metal ions, the iMT-II 
promoter was cloned upstream to a GFP reporter gene, to establish a transgenic 
zebrafish line. The metal inducibility of the recombinant D N A constructs were tested in 
vitro, in HepG2 cells and two homologous cell lines, SJD, 1 and ZFL. In the experiment, 
gene transfer into zebrafish embryos would be carried by electroporation. The 
optimized v oltage for e lectroporation and efficiency of gene transfer into z ebrafish 
embryos would also be determined in this chapter. 
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4.2 Materials and methods 
4.2.1 General molecular biology techniques 
Zebrafish genomic DNA preparation for zMT gene promoter cloning 
Zebrafish adult was homogenized in 80 ml grinding buffer (0.1 M Tris, 0.05 M 
Na2EDTA, 0.2 M NaCl, 1 % SDS) with mortar, in the presence of liquid nitrogen. 
Followed by overnight proteinase K (Boehringer Mannheim) digestion, proteins were 
removed by phenol-chloroform extraction. Genomic D N A was then precipitated by 
adding 0.2 volume of 5 M NaCl and 2 volumes of absolute ethanol. The precipitated 
D N A was washed with 70% ethanol and finally dissolved in dHzO. The purity and 
quantity of the genomic D N A samples purified were determined by the absorbance 
O.D.260 and calculating the ratio of, O.D.260 to O.D.280 with a spectrophotometer. 
Preparation of E. coli competent cell: 
As descried in section 3.2.1 
Replication of DNA vector in E.coli and plasmid DNA preparation: 
As descried in section 3.2.1 
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4.2.2 Sequences of primers used 
Table 4-1 P C R primers used in the transgenic zebrafish study 
Prime name Primer sequence Section 
zMTPHind III 5F 5'- CGC AAG CTT GAA TTC CAG AGA GAC ACT GC -3' 4.2.3 
zMTPXhol3R 5’ - AGC CTC GAG CCA GAG AGT ATC CTC AAA GA -3’ 4.2.3 
phr-GFP M C S 5 5' - T C A C A T G T T C T T T C C T G C G T T A T C C -3' 4.2.3 
phr-GFP M C S 3’ 5'- C C A G G T T C A C C T T G A A G C T C A T -3' 4.2.3 
zMTPHind III 5F 5'- CGC AAG CTT GAA TTC CAG AGA GAC ACT GC -3' 4.2.6 
CMK-forward 5’- C T T G G C A G T A C A T C T A C G T A T -3' 4.2.6 
Actin 41 5'- T C A C C A A C T G G G A T G A C A T G -3' 4.3.4 
Actin 42 51-ATC C A C A T C T G C T G G A A G GT-3' |4.3.4~~ 
4.2.3 Engineering of constructs for transgenic zebrafish study 
To detect zMT-//promoter activity in our transgenic zebrafish model, it is cloned into 
a recombinant vector containing an easily accessible GFP reporter gene. phrGFP vector 
(Stratagene) (Figure 4-1) is a promoterless GFP vector which contains h umanized GFP 
(hrGFP)obtained after random mutagenesis, which is two times brighter than EGFP, the 
Aequorea victoria , jellyfish variant. Using primer zMTP Hind III 5F and zMTP Xho I, the 
835bp zMT-II gene promoter was amplified with Expand High Fidelity P C R System 
(Roche) and cloned into the phrGFP vector (Stratagene) through Hind III and Xho I 
restriction enzyme sites in the multiple cloning sites, located upstream to the hrGFP coding 
sequence (Figure 4-1). The cloned zMT-II promoter was then sequenced, so as to confirm 
correct D N A sequence that is in frame with the hrGFP gene, using phrGFP M C S 5' and 
phrGFP M C S 3' primer pair. Meanwhile, the CMK-driven hrGFP vector, phrGFP-1 
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(Stratagene)(Figure 4-1) was used as a positive control. These two constructs are 
designated pZMTP-hrGFP and pCAfF-hrGFP respectively later in our experiment. Before 
electroporation, pZAfTP-hrGFP and pCMK-hrGFP were linearized with Sea I and BamH I 
respectively. 
MCS 
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Figure 4-1 Schematic vector maps of (left) phrGFP (Promoterless) and (Right) 
phrGFP-1 (CMF-driven) vectors (Adapted from www.stratagene.com). 
Linearization of the constructs 
Before the use in electroporation, pZMTP-hrGFP and CMF-hrGFP were 
linearized overnight with Sea I and Xho I respectively at 3T(Z. Linearized D N A 
constructs were extracted with standard phenol/chloroform procedure, followed by 
ethanol precipitation with absolute ethanoL Then, D N A pellet was washed twice with 
70% ethanol, and finally dissolved in dH〗。for subsequent quantification with 
spectrophotometry (as described in section 2.2.3). D N A solution was then prepared at 
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a concentration of 100 ji g/ml for electroporation use. The quality of linearized D N A 
constructs would be checked using gel electrophoresis. 
4.2.4 In vitro efficacy test of the GFP constructs 
Cell Culture 
SJD. 1 and ZFL cell line: 
As described in Section 2.2.2 
HepG2 cell line (ATCC# HB-8065) 
HepG2 cells were derived from human hepatocelluclar carcinoma. This cell line 
was maintained at 37 with 5 % CO2, in a culture incubator. To propagate, it was 
grown in culture medium containing R P M I Medium 1640 (GibcoBRL) with 
L-glutamine and 25 m M HEPES buffer (prepared from powder according to 
manufacturer's instruction), 2 g/L NaHCOs, and supplemented with 5 % fetal bovine 
serum (FBS) (GibcoBRL) and 1% Penicillin-Streptomycin (GibcoBRL). Subculture 
procedure for HepG2 cells was the same as that described in 2.2.2 for SJD.l cells with 
the use 0.25% (w/v) Trypsin- 0.53 m M EDTA. 
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In vitro efficacy test of the engineered constructs in transient transfection assay 
The metal-inducible transcription of the cloned zMT-II promoter in the 
engineered GFP vector would be tested in different cell lines, HepG2, SJD.l and ZFL 
by transient transfection. Previously identified potent inducers for zMT-II promoter, 
including Cd^ "^ , Cu^^ and Zn^^ ions, would be administrated into the transfected cells. 
The transcription activity of zMT-II promoter was reflected by the GFP reporter gene 
expression. 
Immediately after 3 h incubation with the transfection reagent, various 
concentration of Cd�.，Cu^^ and Zn^ "^  were administrated to the transfected cells, to 
induce zMT-II promoter transcription. After different time points, GFP expression in 
cells was examined under fluorescent microscope (Olympus 1X51) equipped with a 
C C D camera and SPOT ® imaging software version 3.5.2 (Advanced Diagnostic 
Instrument, Inc). For each treatment, fluorescent microscopy was taken in fields with 
the most average GFP density and intensity under 40X amplification. 
HepG2, SJD.l and ZFL cells were seeded on 24-well plates, transiently 
transfected with zMTP-GVV and CMF-GFP at optimized conditions previous described 
in 3.2.3. pCMF-hrGFP and phr-GFP (promoterless) were included as positive and 
negative control respectively. Transfected cells were immediately exposed to heavy 
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metal ions at 0%, 25%, 50%, 75% and 100% of their corresponding 24h-LC50 values, 
for 0 h, up to 24 h. 
4.2.5 Gene transfer into zebrafish embryos by electroporation 
Two hundred zebrafish embryos were rinsed in PBS and placed in a 0.4 cm wide 
cuvette with 800 ji 1 of the D N A solution (Figure 4-2)(linearized pZMTP-hrGFP or 
pCMF-hrGFP), or PBS only ( S H A M control). Electroporation was carried out with 
Bio-Rad⑧ Gene Pulser 11™ according to the conditions suggested by Russell et al 
(Buono and Linser, 2000). The embryos were pulsed three times using 0.25 /zF 
capacitor, with 75-175 V pulse strength, time constant of 7 ms and 1 s pulse interval. 
After electroporation, D N A solution was removed and the embryos were then rinsed 
briefly in dHiO. Finally, embryos were placed into a 100 m m petri dish in reverse 
osmosis grade water, at 26°C for hatching. PBS solution was included in sham 
electorporation. 
To optimize the voltage of electroporation, the relationship between pulse strength 
(V) and embryo survivorship was determined. Electroporation was carried out with 
PBS buffer at 50 V, 75 V, 100 V, 125 V, 150 V, 175 V and 200 V. The survivorship of 
each electroporation group (containing 200 embryos) was recorded at 96 h after 
spawning. 
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Figure 4-2 Schematic representation of gene transfer into zebrafish embryos by 
electroporation. 
4.2,6 Screening of transgenic candidates 
Genomic DNA extraction 
Six days after electroporation, random samples of larvae were sacrificed and 
digested with proteinase K in digestion buffer (200 m M NaCl, 100 m M Tris-Cl p H 8, 
50 m M E D T A pH 8, 1% SDS) overnight at 55°C. Then, proteins were removed by 
pheonol/chloroform extraction. Genomic D N A was precipitated with absolute ethanol. 
After subsequent washing with 70% ethanol, the genomic D N A pellet was air dried and 
resuspened in 40 |il dH^O for P C R screening use. 
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PCR screening for transgenic candidates 
Before screening for the transgenes, P C R with P-actin primer pair (Actin 41 and 
Actin 42) was carried out to confirm successful genomic D N A extraction. Then, the 
presence of pZMTP-hrGFP or pCMF-hrGFP were checked in each electroporation 
group of larvae using vector specific primers designed (zMTP Hind III and phrGFP 
M C S 3，for pZMTP-hrGFP; CMV Forward and phrGFP M C S 3’ for pCMF-hrGFP), 
which would bind to both the promoter and GFP sequence (Figure 4-3). In the P C R 
screening, corresponding plasmid and dH〗。were included as positive and negative 
control respectively. 
Product size = 915 bp Product size = 433 bp 
<~ — — — > < > 
zMTP Hindlll 5F phrGFP MCS 3' CWforward phrGFP MCS 3' 
Figure 4-3 Schematic vector maps of (left) pZMTP-hrGFP and (right) pCMK-hrGFP 
showing the specific primers (indicated by yellow arrows) designed for transgenic candidates 
screening by PCR. 
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4.3 Results 
4.3.1 Engineering of DNA constructs for transgenic zebrafish production 
A 835 bp zMT-II promoter D N A fragment was amplified with zMTP Hindlll 5F 
amd zMTP Xhol 3R primers (Figure 4-4). The discrete band was purified from agarose 
gel and cloned into the Hindlll and Xhol digested phrGFP plasmid (Figure 4-5) to 
produce pZMTP-hrGFP recombinant construct. The sequence of the cloned plasmid 
was subsequently confirmed by D N A sequencing. 
Kb Kb Un HX 
1.5 議 ^ 
1 ' " ' ^ H ^^― 3.7kb 
lb""' , 
I � … ‘ ‘ 
0-6 I — 一 
Figure 4-4 Amplification of the 835 bp Figure 4-5 Digestion of the promoterless 
P C R product of zMT-II gene promoter from GFP construct, phrGFP (3.7kb) by Hindlll and 
zebrafish genomic D N A with primers zMTP Xhol at its mutilple cloning sites, for 
HincUll 5F and zMTP Xhol 3R. pZMTP-hrGFP production. Uncut (Un) and 
Hindlll, Xhol double digested phrGFP was 
subsequently analyzed by gel electrophoresis. 
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Linearization of plasmids 
pZMTP-hrGFP andpCMV-hrGFP constructs were linearized with Seal andXhol 
respectively and analyzed with gel electrophoresis for complete enzyme digestion. 
Figure 4-5 shows the size of uncut and linearized plasmid with good quality for the use 
in gene transfer experiment. 
kb A B kb C D 
I ^^ 
Figure 4-6 Plasmids were linearized with different restriction enzymes before 
electroporation. Above shown the analysis of (A) uncut- and (B) Seal digested 
pZMTP-hrGFP plasmid, the (C) uncut- and (D)Xhol digested pCMF-hrGFP plasmid, 
by gel electrophoresis. 
4.3.2 In vitro efficacy test of the DNA constructs 
To test the efficacy of the GFP gene reporter vectors, pCMV-hrGFP was 
transiently transfected into HepG2 cells, which previous used as in vitro model to study 
zMT study regulation (Yan and Chan, 2004). Ubiquitous GFP expression was observed 
111 
in transfected HepGl cells (Figure 4-7). 
Figure 4-7 GFP expression was observed in HepG2 cells transiently 
transfected with pCMV-hrGFP, at 24 h after transfection (Left: bright field; 
Right: fluorescent microscopy.) 
Hence, the metal inducibility of zMT-II gene promoter by heavy metal ions were 
investigated in HepG2 cells transiently transfected with pZMTP-hrGFP construct. Cd�.， 
Cu2+，and Zn】.，ions were then administrated into the transfected cells with 0%, 25% 
and 100% of their corresponding 24h-LC50 values. Fluorescent microscopy was taken 
at 0 h, 6 h, 18 h and 24 h. 
Similarly, SJD. 1 and ZFL cells transfected with pZMTP-hrGFP were exposed to 
the two most potent zMT inducer, Cd^^ and Zn^^ ions. 
In HepG2 cells transfected with pZMTP-hrGFP, Cd^^ (Figure 4-8), Cu^^ 
(Figure 4-9) and Zn〗. (Figure 4-10) showed induction in the zMTP-driven GFP 
expression. In the absence of metals, there was no observable zMTP transcription 
activity throughout the experiment. Besides, the induction potency of 25% 24h-LC50 
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of Cd2+, Cu2+ and Zn^^ was slightly stronger than at their 50% 24h-LC50 values. 
Cadmium 
25% LC50 100% LC50 No metal 
O h r 
� . . . . . . � . ".mmm 
: \......邏 18 h L J I H S 
— — — i l ^ H H H B B H H B ^ H ^幽 
Figure 4-8 Fluorescent microscopy of HepG2 cells transfected with 
pZMTP-hrGFP, followed by subsequent exposure to 25%, 100% 24h-LC50 of 
Cd2+，ions and no metal addition medium for 0 h, 6 h, 18 h and 24 h. The 
GFP-expressing cells are indicated by white arrows. 
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Figure 4-9 Fluorescent microscopy of HepG2 cells transiently transfected 
withpZMTP-hrGFP, followed by subsequent exposure to 25%, 100% 24h-LC50 
of Cu2+, ions and 
no metal addition medium for 0 h, 6 h, 18 h and 24 h. The 
GFP-expressing cells are indicated by white arrows. 
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Figure 4-10 Fluorescent microscopy of HepG2 cells transiently transfected 
with pZMTP-hrGFP, by subsequent exposure to 25%, 100% 24h-LC50 ofZn^^ 
ions and no metal addition medium for 0 h, 6 h 18 h and 24 h. The 
GFP-expressing cells are indicated by white arrows. 
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SJD. 1 and ZFL cell lines 
Both SJD.l (Figure 4-11) and ZFL cells (Figure 4-12) were transfected with 
pZMTP-hrGFP construct and exposed to 25%, 50%, 75%, 100% and no metal addition 
medium for 24 h. Cd^^ and Zri^ were found capable to induce the zMT-II 
promoter-driven GFP expression, and showed a dose-dependent effect. Generally, both 
2+ 2+ 
Cd and Zn achieved maximal zMT-II promoter induction at their 100% 24h-LC50 
concentration. 
S J D J 25% LC50 50% LC50 75% LC50 100% LC50 
.j p^ P^'WP^ ^ ^^BS^^^^B ^HRHjll^^^S 
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Figure 4-11 Fluorescent microscopy of SJD. 1 cells transiently transfected with 
！ j pZMTP-hrGFP, followed by subsequent exposure to 25%, 50%, 75%, 100% 
24h-LC50 of Cd2+ and Zn^^ ions, and no metal addition medium for 24 h. The 
GFP-expressing cells are indicated by white arrows. 
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Figure 4-12 Fluorescent microscopy of ZFL cells transiently transfected with 
： pZMTP-hrGFP, followed by subsequent exposure to 25%, 50%, 75%, 100% 
24h-LC50 of Cd and Zn ions, and no metal addition medium for 24 h. The 
GFP-expressing cells are indicated by white arrows. 
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4.3.3 Optimization of electroportion voltage 
The survivorship of zebrafish embryos after electroporation, at various voltages, 
！ 
‘ was determined relative to that of control group (without electroporation) at 96 h after 
! 
spawning (Figure 4-13). In zebrafish embryos, electroporation with pulse strength at 
150 V or above resulted in relative low survivorship, less than 30%, which did not 
favour transgenic fish production. Therefore, gene transfer with electroporation was 
carried out at 125 V in transgenic zebrafish production. 
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Figure 4-13 Survivorship of zebrafish embryos (counted at 96 h after spawning) 
subjected to electroporation at various voltages, in PBS buffer. 
4.3.4 Screening of transgenic candidates 
P C R screening for transgenes was carried out in zebrfish larvae (7 day after 
spawning) in each electroporation trial with more than 100 surviving larvae. In each 
P C R screening, corresponding plasmid D N A and dHiO were included as positive and 
negative control. The presence of pZMTP-hrGFP and pCMF-hrGFP in the sample 
genomic D N A was detected with P C R using primer pair zMTP Hindlll and phrGFP 
M C S 3，，CMFForward and phrGFP M C S 3'respectively (Figure 4-14) 
For pZMTP-hiGFP, 28 out of 128 larvae showed positive results, the efficiency for 
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successful gene transfer was approximately 23%. Meanwhile, the successful gene 
transfer efficiency for pCMF-hrGFP was estimated to be 19%, with 22 larvae giving 
positive P C R results out of the 118 larvae (figure 4). 
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Figure 4-14 Expected P C R product size for the presence of ipZMTP-hrG¥? and 
pCMV-hrGFP, using primer pairs zMTP Hindill and phrGFP M C S 3 ’，CMFForward and phrGFP 
MCS3’. 
A 1 2 3 4 5 6 7 8 9 10 M + -
B 11 12 13 14 15 16 17 18 19 20 M + -
Figure 4-15 P C R screening of (A) pZMTP-hrGFP using primer pair zMTP Hindill and 
phrGFP M C S 3', and (B) pCMF-hrGFP constructs., with primer pair CMV Forward and 
phrGFP M C S 3'. Actin was amplified with primer actin 41 and actin 42 to confirm genomic 
D N A obtained were in good quality for P C R screening use. 
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4.4 Discussion 
4.4.1 Potential application of the zMT-II promoter transgenic model 
In this chapter, the zMr-//promoter was cloned into a GFP reporter construct to 
produce a transgenic zebrafish model, to study in vivo regulation of zMT gene by heavy 
metals. Instead of end-point methods, such as m R N A quantification in fish tissues or 
cell lines or dual luciferase reporter assay, this transgenic model allows real-time 
monitoring of dynamic temporal and spatial changes in zMT-Il gene expression upon 
heavy metal exposure, which can be hardly mimicked in vitro. A whole animal model 
composed of complex cell-populations with various differences in morphology, 
physiology, metabolism pathway, tissue-specific regulation oizMT-II gene in cell lines 
experiment do not necessarily reflect in vivo situation. The study of cell-specific gene 
regulation remains difficult in developing embryos due to a wide range of cells 
populations continues to change their molecular and physiological characteristics as 
they differentiate during the rapid development. This is why early-life-toxicants assays 
have been limited to accessing mortality, hatching success and other morphologic end 
points. 
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4.4.2 The use of GFP transgenic zebrafish model in developmental gene 
regulation study 
Recent years, the use of GFP reporter gene in analyzing developmental gene 
expression has become increasing popular (Motoike et al., 2000; Perz-Edwards et al, 
2001; Washam, 2002). The translucent embryos and its rapid development in zebrafish, 
make GFP an excellent reporter gene in producing the transgenic zebrafish model. 
Since the expression of GFP can be readily accessible and need no adding of substrate, 
which may disturb the physiology of embryos, the transgenic zebrafish embryos will 
aid understand the developmental regulation of zMT gene and its response upon 
different pollutants or stresses. In toxicological research, zebrafish embryos 
microinjected with GFP constructs under control of aryl hydrocarbon response 
elements (AHREs) showed 2,3,7,5-tetrachlorodibenzo-i?-dioxin (TCDD，or dioxin) 
induced GFP activity (Mattingly et al., 2001). 
With in-depth understanding the relationship between heavy metals concentration 
and zMT gene regulation, the transgenic zebrafish model may help investigate the 
long-term effect of heavy metal contaminations in environmental polluted aquatic 
system. The transgenic zebrafish is especially useful in studying the genotoxicity and 
b i o c o n c e n t r a t i o n effect of heavy metals at low concentration. 
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4.4.3 In intro efficacy of the GFP constructs 
Prior to the production of the transgenic zebrafish model, the efficacy of the 
zMT-II promoter-driven GFP reporter construct, pZMTP-hrGFP, was engineered and 
tested for its responsiveness towards heavy metal ions. Cd^^, Cu^ "^  and Zn^^, which 
were previously identified as potent inducers of zMT gene transcription in vitro, 
showed induction of zMT-II promoter-driven GFP expression in HepGl cells, with 
time-course and dose-dependent manner. Such dose-dependent induction was also 
observed in both homologous cell lines, SJD.l and ZFL. This demonstrated that the 
GFP construct employed in our transgenic zebrafish study its efficacy in zebrafish 
caudal fm and liver cells. The epigenetic expression of GFP in fin cells would make 
observation of zMT-//promoter transcription activity in the transgenic zebrafish model 
convenient. 
4.2.4 Transgene expression in zebrafish 
In this study, though there was successful gene transfer of transgenes into 
zebrafish embryos, there was no observable in vivo GFP expression, even in the 
ubiquitous CMF-promoter driven GFP construct (pCMF-hrGFP) group. While the gene 
transfer efficiency reached about 20%, it should not be the limiting factor for in vivo 
GFP expression. It is clear that the larvae carried the transgenes, and thus, there are 
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three possibilities for no observable GFP expression in transgenic candidates. 
First, the transgenes might only enter the zebrafish embryo cells, but did not 
integrate into the host genome. The plasmids, however, are not likely to be carried over 
in the zebrafish cells through many rounds of cell division till day after spawning. In 
fact, the linearized plasmid and screening sample time at day significantly lowered 
this possibility. To confirm the integration of transgenes into host genome, southern 
blot analysis can be carried out. 
Second, the copy number of transgenes integrated into host genome can 
affect the in vivo transgene expression. This factor would gain more importance, 
especially when gene transfer was carried out in zebrafish embryos more than 4-cells 
stage. Obviously, the chance for all cells taking up the transgenes would decrease with 
the increase in divided cells in embryos. In mosaic transgenic animal, only a small 
number of cells are capable to express the transgene. This problem was also reported in 
previous study of transgenic zebrafish (Adam et al., 2000; Westerfield et al., 1992). 
Third, the integration sites of the transgenes would affect the expression by 
position effect. This would happen when the neighbouring transcriptional regulatory 
elements, at the site of integration, interact with the promoter from transgenic 
constructs (Cai and Levine, 1995; Geyer, 1997). The position effect depends on the site 
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of integration, in some extreme cases of transgenic zebrafish, there could be no 
expression at all (Gulp et al., 1991; Gibbs et al., 1994). The position effect on transgene 
expression, nonetheless, can be alleviated by the introduction of border elements into 
the transgene construct (Bonifer et al., 1996; Geyer, 1997; Henikoff，1998). Border 
elements are D N A sequence that can prevent interaction between the transgenes 
promoters and the regulatory elements from the neighbouring genes. Characterized 
border element including matrix attachment regions (MARs), such as the chicken 
lysozyme gene (A-element) can protect transgenes from position effect in transgenic 
mice (Bonifer et al., 1996; McKnight et al, 1992; McKnight et al., 1996) and tobacco 
(Mlynarova et al.，1994). Caldovic et al demonstrated the effectiveness of the use of 
constructs flanked by the border elements, either scs/scs�from the D. melanogaster 
87A7 heat shock locus or the A-element from the chicken lysozyme gene, could 
maintain reliable and reproducible levels of gene expression in multiple lines of 
zebrafish (Caldovic et al., 1999). To improve the design of our GFP constructs for the 
transgenic zebrafish model, addition of flanking border elements may be an ideal 
option. 
For long term, to improve the observation of GFP expression in zebrafish 
adults, production of the transgenic zebrafish model can be carried our with the 
spontaneous albino mutant (Streisinger et al., 1986), stratin abl-hA, which has no 
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melanophores on body and no black pigment in eyes. 
Through in vitro and in vivo characterization of the zMT genes regulation by 
heavy metal ions in previous chapters, the establishment of the transgenic model would 
provide us a more comprehensive understanding in the molecular interaction between 
heavy metal ions and zMT gene. Definitely, the ability to monitor zMT gene expression 
in a living individual animal will allow us to understand the long-term exposure effect 
to heavy metals at various developmental stages of zebrafish. 
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Chapter 5 General discussion 
Heavy metals are discharged into natural environment from human activities 
and their bioconcentration effects have been demonstrated in a variety of aquatic 
organisms (Bemy et al.，2003; Camusso et al., 1995; Coeurdassier et al., 2003; Kahle 
and Zauke, 2003; Lenka et al., 1992), especially in fish, as a representatives of upper 
tropic levels in aquatic environment (Baeyens et al, 2003; du Preez et al, 1993; 
Kannan et al., 1998). 
Fish is commonly used as toxicological model in pollutant exposure experiment, 
to estimate the acute, as well as the sub-lethal effects of environmental pollutants. 
Compared to short-term toxicity assays in juvenile and adults, fish embryos have been 
shown more sensitive to chemical stress (Brige, 1985)，providing more diverse 
end-points for evaluation of toxicological effects (Suter，1987). 
Metallothioneins is a family of highly conserved metal-binding proteins, 
which play important role in metal homeostasis and detoxification. Inducible MT 
transcription have been documented in a range of fish species upon accumulation of 
metals (Bonham and Gedamu, 1984; Chan et al., 2004; Cheung et al., 2004; Kille et 
al., 1991; Kito et al., 1982; Ley et al., 1983; Ovemell and Coombs, 1979; Yan and 
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Chan, 2004), and its quantification has been proposed as a molecular biomarker of 
metal exposure to access possible cumulative biological effect of metals disposed to 
the marine environment (Chan, 1995; Viarengo et al., 1999). 
To access whether MTtranscription 1 evel in zebrafish is a potential molecular 
biomarker for heavy metal exposure, the molecular basis of MT gene regulation has 
been elucidated in vivo and in vitro in zebrafish. 
Quantification of zMTmRNA by real-time PCR 
In this study, a protocol of S Y B R green-based real-time P C R for quantification 
of zMT transcripts in different tissues was established and optimized. As an 
economical alternative to the relative expensive TaqMan method, the relative 
quantification using S Y B R green-based real-time P C R was shown convenient, robust 
and reliable. Besides, its remarkable sensitivity has been clearly demonstrated over a 
board dynamic range (for at least four orders in our relative standard curve). 
The higher resistance of Cd^^ in zebrafish embryos at early developmental stage 
was coherent with Hwang et al. that newly hatched tilapia larvae are less sensitivities 
to C(i2+ than are 3-day-old larvae (Hwang P.P., 1995). In zebrafish, the change in 
metal ions sensitivity in larval development was observed in embryos at late epiboly. 
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Previous MT study in fish larvae suggested that the hypersensitivity of heavy metal 
ions in early larval stages of fish was correlated with a lack of inducibility of MT gene 
expression (George et al., 1996; W u et al., 2000). 
• 2+ 
zMT transcription was drastically induced by the non-essential metal ions, Cd 
and Hg2+ ions at sublethal concentration, suggesting it a good bioindicator for aquatic 
cadmium and mercury contaminations. In contrast, zMT m R N A expression was 
moderately induced by the essential metals, Cu^ "" and Zn^^ ions and the oxidative 
stressor, H2O2. Probably, alternate mechanisms, besides M T , may be involved in the 
essential metals homeostasis and anti-oxidant protection (e.g. the protective 
mechanisms of G S H against excess metal ions and oxidants) to maintain normal 
2+ 2+ 
development of zebrafish embryos, and reduce the bioavailability of Cu , Zn and 
H2O2 for in vivo zMT induction. 
Interestingly, compared to zebrafish in other developmental stages, embryos at 
2 j . 2 I • 
late epiboly have relative strong resistance to the acute toxicity of Cd and Zn ions. 
In fact, similar change in metal sensitivity during early larval development have also 
been documented in other fish species (Hwang P.P., 1995; Kuroshima and Kimura, 
1990; Middaugh and Dean, 1977). This metal resistance may due to the change in 
metal uptake efficiency for different metal species, or an elevated MT-mediated metal 
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detoxification capability in the early developing zebrafish embryos. This could, 
probably, explain relative higher induciblity of zMT transcription in embryos at late 
epiboly (22.4-fold) than that in eleutheroembryos (5.8-fold). 
In cell lines, Cd^^ and Zn^"'were found to be strong zMTinducers in both SJD.l 
2+ 2+ 
and ZFL. In addition, the dose- and time-response in z M T induction by Cd and Zn 
was clearly demonstrated. Besides, Cu^^ and Hg2+ also achieved moderate zMT 
induction in both cell lines. Similar to in vivo findings, Co〗., Ni^ "", Pb^^ did not shown 
any significant z M T induction in vitro as well. 
Characterization of zMT-IIpromoter 
To have a comprehensive understanding on metal-mediated zMT gene 
regulation, molecular dissection of the zMT gene regulatory sequence is necessary. 
Hence, 835bp-long zMT-II promoter was isolated from a local strain of zebrafish 
(Danio rerio) for further functional analysis. The cloned zMT-II promoter contained 
four putative M R E s in dual clusters arrangement, 3 AP-1 and 1 Spl transcriptional 
factor binding sites, and a TATA box. 
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The zMT-II promoter was cloned into the luciferase gene reporter construct, 
2+ 
and subsequently characterized by transient transfection in SJD.l and ZFL cells. Cd 
and Zn2+ were the most potent in vitro inducers, while Cu^^ and Hg2+ were relative 
2+ 
weak in vitro inducers. However, zMT-II gene promoter was not responsive to C o ， 
Ni2+, Pb2+ and hydrogen peroxide. Results in deletion mutant analysis suggested that 
M R E d is crucial in the metal inducibility of zMT-//promoter. To achieve a maximal 
metal inducibility of zMT-//promoters in both cell lines, nonetheless, all four M R E s 
are necessary to work cooperatively in the z M r transcriptional regulation. 
GFP-reporter gene system for zMT study 
To study the in vivo regulation of zMT gene by heavy metal ions, the zebrafish 
promoter was cloned upstream to GFP reporter gene, to establish a transgenic 
zebrafish lines. The translucent embryos and its rapid development in zebrafish make 
the zMTP-GVV transgenic zebafish model especially useful in studying zMT gene 
along different developmental stages. 
W e previously showed the efficacy of zMT-II promoter-driven GFP expression 
in cell lines, offering the possibility to spatial and temporal expression pattern in 
living cells, upon different heavy metals challenges. While the transient transfected 
cell lines produced a fluorescent signal in response to metal treatment with time- and 
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dose-dependent relationship, this cell models might be useful to study the impact of 
environmental pollutants on living cells or to evaluate the toxic potential of complex 
mixture that are typical for aquatic environmental samples. To have a quantitative 
analysis, GFP expression level in the recombinant cells can be simply measured by a 
fluorescent plate reader. To establish a cell line stably carrying an easily detectable 
reporter gene for environmental heavy metal contaminations, a neomycin-resistance 
module have been inserted into the pZMJP-hrGFP D N A for the production stale 
recombinant cell lines, by subsequent drug-selection. 
To produce a transgenic model carrying hybrid genes in z M T gene promoter drive 
the expression of GFP that glows upon exposure to a certain metal concentration, may 
serve as a potential bioindicator for routine monitoring of aquatic field sites water 
sample. 
ThezAfTP-driven GFPconstmcts were transferred into zebrafish ernbryos by 
electroporation. Under optimized conditions, the constructs have been shown 
successfully transferred into zebrafish embryos by electroporation. At present stage, 
transgenic candidates, however, showed no observable GFP expression, which might 
be affected greatly by the success of host genomic integration of transgenes and the 
position effect.To confirm successful host genome integration in transgenic candidates, 
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southern blot analysis can be carried out. Besides, to alleviate the position effect on 
transgene expression, it would a good idea to introduce border elements into our 
present GFP constructs for use in the transgenic zebrafish model production in future. 
With in-depth understanding between the heavy metals concentration and zMT 
gene r egulation, t he t ransgenic z ebrafish m odel m ay h elp i nvestigate t he 1 ong-term 
chronic toxic effect of heavy metal contamination, at sublethal concentration, in natural 
aquatic ecosystems. The transgenic model will provide us a more comprehensive 
understanding in the molecular interaction between heavy metal ions and zMT gene, 
this will help understand the temporal and spatial gene regulation of z M T at different 
developmental stages of zebrafish. 
In complementary to in vivo assay on zebrafish embryos, cell culture system 
provides a rapid, highly-controllable and relative inexpensive strategy to understand 
the specific toxicity mechanisms for toxicants. 
In conclusion, in HepG2, SJD.l and ZFL cell lines, in vitro zMT-II gene 
• 2+ 2+ 
transcriptional regulation was shown responsive for the administrations of Cd , Cu , 
Hg2+an(i not to the challenge by Co^^, Ni�.，Pb^^ and hydrogen peroxide. In 
2+ 2+ 
zebrafish embryos, zMT m R N A expression was strongly induced by Cd and Hg • It 
is anticipated that this metal-mediated zMT transcription level of zebrafish embryos 
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and in vitro models upon metal exposure, will allow an early, simple, sensitive, and 
specific assessment of aquatic metal contamination in natural habitats. 
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